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LASER-EXTINCTION  AND  HIGH-RESOLUTION  ATMOSPHERIC  TRANSMISSION 
MEASUREMENTS  CONDUCTED  AT  WHITE  SANDS  MISSILE  RANGE,  NEW  MEXICO, 

MARCH  1979 


1.  INTRODUCTION 

This  report  contains  the  results  of  an  experiment  performed  in  March  1979  at  the  White 
Sands  Missile  Range  (WSMR)  by  the  Optical  Radiation  Branch  of  the  Naval  Research 
Laboratory.  Atmospheric  transmission  was  measured  over  a  6.4-km  path  using  a  low-power 
deuterium  fluoride  (DF)  laser  together  with  a  blackbody  infrared  source  and  a  high-resolution 
Fourier  transform  spectrometer  (FTS)  system.  The  portable  instrumentation  facility  used  for 
these  measurements  is  designated  the  Infrared  Mobile  Optical  Radiation  Laboratory  (IMORL) 
and  is  described  in  greater  detail  in  Section  2  of  this  report  where  additional  references  are 
given  for  further  information.  Results  of  the  laser  extinction  and  FTS  measurements  are 
presented  in  sections  3.1  and  3.2. 

The  measurements  were  performed  in  the  vicinity  of  the  WSMR-MAR  site  over  the 
same  path  that  was  used  during  a  similar  experiment  carried  out  in  August  1978,  described 
in  an  earlier  report  [1] .  Figure  1  is  a  plan  view  of  the  area  surrounding  the  6.4-km  optical 
path  extending  from  a  berm  near  the  ARKY  site  to  the  PAT  site  as  shown. 

Meteorological  measurements  were  performed  by  the  Army  Atmospheric  Sciences 
Laboratory  ( ASL)  at  the  ARKY  site  during  most  of  the  atmospheric  transmission  measure¬ 
ments.  Selected  results  of  the  meteorological  data  are  contained  in  Section  3.3  of  this  report. 
Visibility  was  also  measured  during  the  experiment  using  a  telepyrometer  technique  described 
in  Section  3.4  which  also  contains  a  tabulation  of  the  results. 

The  Army  Atmospheric  Sciences  Laboratory  supported  the  present  experiment  to  com¬ 
plement  the  infrared  propagation  data  base  obtained  in  August  1978  (as  representative  of  the 
light  wind  and  relatively  moist  summer  season)  with  additional  data  for  March  as  representa¬ 
tive  of  the  generally  windy  and  dry  spring  season.  Although  in  spring  it  is  typically  quite  dry 
at  WSMR  with  attendant  low  molecular  absorption  by  water  vapor,  occasionally  there  are 
high  wind  conditions  accompanied  by  substantially  reduced  visibilities  due  to  blowing  dust. 
During  the  times  when  long-path  measurements  documented  in  this  report  were  performed, 
the  anticipated  high  wind— low  visibility  conditions  did  not  materialize.  However,  such  con¬ 
ditions  did  arise  after  the  IMORL  receiver  trailer  was  relocated  for  post-experiment  optical 
system  calibrations  (as  described  in  Section  3.1),  so  that  no  long-path  transmission  measure¬ 
ments  could  be  obtained  for  these  conditions. 

The  data  and  analyses  in  this  report  show  that  very  accurate  (±3%)  absolute  transmission 
of  the  atmosphere  can  be  obtained  over  long  atmospheric  paths  in  the  high-desert  environ- 
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Fig.  1  —  Plan  view  of  the  optical  tranam union  measurement  site  at  WSMR 

ment  at  WSMR.  Absolute  transmission  calibrations  using  the  large-aperture  transmitter  and 
receiver  optical  systems  and  single  line  laser  sources,  however,  must  be  restricted  to  those 
time  periods  when  atmospheric  turbulence  is  minimum;  this  prevents  overfilling  the  1 .2-m- 
diameter  receiver  collecting  aperture  due  to  turbulent  spreading  of  the  infrared  laser  beam 
focused  over  the  long  path. 

Using  the  reliable  absolute  transmission  calibrations  obtained  with  the  laser  extinction 
measurement  system,  several  high-quality  transmission  spectra  of  the  6.4-km  path  were 
obtained  with  spectral  resolution  sufficient  to  isolate  the  individual  vibration-rotation  line 
structure  of  several  absorbing  molecules  in  the  atmosphrte,  notably  H20,  HDO,  N20,  and 
CH4.  Utilization  of  portions  of  some  of  these  spectra  to  extract  path  average  values  for  con 
centrations  of  these  absorbers  is  described  in  Section  3.2.  The  analysis  presented  there  is 
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useful  in  showing  the  value  of  high-resolution  long-path  spectra  to  a  detailed  and  thorough 
understanding  of  the  propagation  environment  at  WSMR. 


2.  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURES 

The  IMORL  has  been  developed  at  NRL  as  a  field  laboratory  for  precision  atmospheric 
propagation  measurements.  Detailed  descriptions  of  the  electro-optical  instrumentation  con¬ 
tained  in  the  IMORL  facility  are  presented  in  Ref.  2.  Only  the  essential  features  of  the 
IMORL  system  will  be  reviewed  in  this  report. 

'  The  IMORL  system  has  been  used  extensively  to  collect  laser-calibrated  high-resolution 
atmospheric  transmission  spectra;  it  includes  several  infrared  laser  and  blackbody  sources, 
large,  stable  telescope  optics,  a  Fourier  transform  spectrometer  (FTS)  system,  and  various 
support  equipment,  all  of  which  are  transported  in  and  operated  from  several  large  semi¬ 
trailers.  The  usual  measurement  configuration  consists  of  an  optical  transmitter  trailer  hous¬ 
ing  HeNe,  Nd-YAG,  DF,  CO,  and  C02  single-line  cw  laser  sources,  relay  optics,  and  a  large, 
stably  mounted  and  precisely  pointed,  90-cm-aperture,  f/35,  Cassegrainian  collimating 
telescope.  The  small  cw  combustion-driven  DF  laser  used  for  much  of  the  laser  extinction 
work  requires  a  large  755  1/s  (1600  cfm)  vacuum  system  for  operation.  This  pump  is  housed 
in  a  separate  trailer;  a  20-cm-diameter  vacuum  line  is  installed  once  the  two  trailers  are 
properly  located  at  the  measurement  site.  Two  additional  trailers  contain  office  space, 
meteorological  signal  processing  and  recording  electronics,  and  bottled  gas  and  other  con¬ 
sumable  supplies  used  during  the  course  of  an  experiment. 

The  FTS  system  and  apparatus  used  for  laser  extinction  measurements  are  housed  in  a 
receiver  trailer  which  contains  a  120-cm-aperture,  f/5,  Newtonian  telescope.  The  large 
receiver  telescope  aperture  ensures  that  the  entire  laser  beam  used  during  long-path  (typi¬ 
cally  5-km)  extinction  measurements  can  be  collected,  thereby  providing  reliable  absolute 
transmission  calibrations  for  the  FTS  measurements.  High-resolution  transmission  spectra 
are  taken  by  substituting  a  1300  K  blackbody  source  for  the  laser  source  in  the  transmitter 
optical  system  and  adjusting  the  receiver  optical  system  so  as  to  couple  the  FTS  system  to 
the  120-cm  collecting  telescope.  Repeated  calibrations  and  extensive  experience  with  the 
measurement  system  in  field  experiments  have  demonstrated  that  absolute  transmission 
can  be  reliably  measured  for  long  atmospheric  paths  with  an  uncertainty  less  that  ±3%. 

Figure  2  is  a  photograph  of  the  transmitter  station  taken  during  the  experiment  at 
WSMR,  with  the  equipment  located  at  the  ARKY  hill  site  [1  ] .  From  left  to  right  in  the  figure 
can  be  seen  a  micrometeorological  (met)  measurement  tower,  an  office  trailer  containing 
met  system  electronics,  a  vacuum  pump  trailer,  and  an  optical  transmitter  trailer  (the  91-cm- 
aperture  telescope  mirror  and  telescope  frame  may  be  seen  through  the  open  doors). 

Figure  3  is  a  schematic  depicting  the  experimental  arrangement  used  for  laser  extinc¬ 
tion  measurements.  The  output  beam  from  any  of  the  several  laser  sources  used  is  first 
collimated  by  auxiliary  optics  to  a  diameter  of  approximately  18  mm.  The  beam  is  then 
focused  via  the  off-axis  parabolic  mirror  shown  in  the  upper  left  of  Fig.  3  and  then  diverged 
to  fill  the  90-cm  transmitter  telescope  aperture.  A  37-Hz,  50%-duty-cycle  chopper  modu¬ 
lates  the  beam  near  the  focus  formed  by  the  off-axis  parabola.  The  beam  is  alternately 
transmitted  through  the  telescope  and  reflected  onto  the  stationary  detector  as  shown. 
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Fig.  2  —  Photograph  of  the  optical  transmitter  station  near  the  WSMR  —  ARKY  site 
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The  mobile  detector  shown  in  Fig.  3  is  placed  in  the  “XMTR”  position  for  calibration 
measurements  in  which  the  relative  response  of  the  two  detectors  is  measured.  The  mobile 
detector  is  then  placed  near  the  focus  of  the  120-cm-aperture  receiver  telescope  for  (a)  cali¬ 
brations  of  the  large  telescope  optical  efficiencies  or  (b)  long-path  extinction  measurements. 
The  calibration  measurements  are  carried  out  with  the  transmitter  and  receiver  trailers 
immediately  opposite  one  another,  i.e.  for  'u  zero  atmospheric  path.  When  the  trailers  are 
separated  for  long-path  measurements,  the  two  types  of  calibration  data  are  then  used  to 
determine  absolute  atmospheric  transmission  for  the  several  laser  lines  studied. 

As  shown  in  Fig.  3,  the  signal  produced  by  the  mobile  detector  in  the  receiver  trailer 
at  one  end  of  the  measurement  path  is  relayed  to  the  transmitter  by  means  of  a  pulse-rate- 
modulated  (PRM)  GaAs-laser-based  data  link.  This  signal,  proportional  to  laser  power  at  the 
receiver,  is  connected  to  the  numerator  input  of  a  special-purpose  analog  ratiometer.  The 
stationary  detector  signal,  proportional  to  the  transmitted  laser  power,  is  connected  to  the 
denominator  input  of  the  ratiometer.  Thus,  a  real-time  measure  of  transmission  for  the  laser 
line  being  studied  is  available  at  the  transmitter  site.  The  ratiometer  reading  must  be  cor¬ 
rected  for  the  relative  response  of  the  two  detectors  for  that  laser  line  (monitored  daily) 
and  the  efficiency  of  the  large  optical  elements  beyond  the  chopper  in  order  to  obtain 
absolute  transmission  readings.  As  shown  in  Fig.  3,  the  voltage-controlled  oscillator  (VCO) 
and  frequency-to-voltage  converter  (FVC)  used  with  the  GaAs  data  link  are  also  connected 
in  the  numerator  circuit  of  the  ratiometer  when  the  mobile  detector  is  used  in  the  “XMTR” 
position,  so  that  their  combined  transfer  function  is  normalized  out  of  the  final  extinction 
ratio.  Additional  information  concerning  the  measurement  instrumentation  and  procedures 
is  contained  in  Refs.  3  and  4. 

Local  meteorological  measurements  of  absolute  humidity,  air  temperature,  pressure, 
and  windspeed  and  direction  are  usually  made  at  each  end  of  the  transmission  path  to  (a) 
document  local  conditions  during  a  series  of  measurements,  (b)  ensure  that  uniform  environ¬ 
mental  conditions  exist  along  the  measurement  path,  and  (c)  ensure  that  these  conditions 
remain  constant  during  a  complete  measurement  cycle.  The  period  required  to  make  sequen¬ 
tial  laser  extinction  and  FTS  measurements  is  typically  about  one  hour.  Extensive  measure¬ 
ments  using  an  aerosol  spectrometer  system  have  been  performed  during  some  experiments. 
Infrared  aerosol  extinction  estimates  based  on  Mie  scattering  calculations  utilizing  the 
measured  particle  distributions  have  shown  good  agreement  with  results  derived  from  in¬ 
frared  extinction  measurements  at  DF  laser  wavelengths  during  earlier  experiments  ( 4 1 . 


3.  EXPERIMENTAL  RESULTS 
3.1  Laser  Extinction  Measurements 

Laser  extinction  measurements  were  conducted  using  the  6.4 -km  path  between  the 
ARKY  hill  site  (transmitter  location)  and  the  PAT  site  (receiver  location  used  for  earlier 
measurements  in  August  1978  [  1 1 ).  The  average  height  above  ground  of  the  optical  line-of- 
sight  varies  between  14.6  m  (48  ft.)  and  17.7  m  (58  ft.).  A  survey  of  this  path  is  contained 
in  the  report  of  the  earlier  measurements  |1] .  Laser  extinction  measurements  were  per¬ 
formed  on  nine  days  between  8  March  and  18  March  1979,  and  were  restricted  to  DF  laser 
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lines  due  to  malfunctions  of  the  C02  laser  used  for  laser  extinction  measurements  near 
10  jum.  The  C02  laser  problems  resulted  from  damage  to  the  power  supply  sustained  in  tran¬ 
sit  of  the  transmitter  trailer  to  WSMR  from  NRL,  Washington,  D.C.  Only  one  long-path 
extinction  measurement  at  C02  laser  wavelengths  was  possible  on  12  March  1979. 

Due  to  optical-turbulence-induced  spreading  of  the  laser  beam  focused  over  the  6.4-km 
propagation  path,  measurements  were  restricted  to  periods  of  minimum  optical  turbulence. 
At  the  ARKY  and  PAT  sites,  these  periods  occur  about  80  min  after  sunrise  and  40  min 
before  sunset.  Measurements  performed  in  August  1978  occurred  predominately  in  the 
morning  hours  (0900-1000).  To  expand  the  WSMR  transmission  data  base  to  include  eve¬ 
ning  conditions,  the  March  measurements  in  this  report  were  taken  during  the  evening 
period  of  low  turbulence  around  1700  hours. 

Table  1  contains  a  summary  of  the  transmission  values  measured  for  the  series  of  lines 
in  the  2^1  DF  vibrational  band  available  from  the  cw  DF  laser  source  used  in  the  experi¬ 
ment.  The  P2-8  (2  -»  1,  P-8)  line  at  2631.067  cm'  1  was  measured  three  times  during  a  “run” 
or  measurement  sequence  to  ascertain  constancy  and  repeatability  of  the  transmission 
measurements.  Columns  5  and  6  of  Table  1  list  the  measured  transmissions  and  correspond¬ 
ing  extinction  coefficients,  respectively.  The  table  shows  that  the  measured  transmission 
values  are  very  high  with  very  little  loss  occurring  over  the  6.4-km  propagation  path;  the 
singular  exception  occurs  for  the  P2-10  DF  laser  line  at  2580.096  cm” 1  for  which  the  trans¬ 
mission  was  measured  to  be  between  70%  and  80%  of  that  for  the  lines  with  consistently 
high  transmission  values  (P2-8  at  2631.067  cm' 1  and  P2-5  at  2703.999  cm" 1 ). 

Zero-path  optical  system  calibration  measurements  were  performed  on  20  March  1979 
at  the  ARKY  hill  site.  Very  high  winds  accompanied  by  dense  clouds  of  blowing  sand  were 
experienced  at  this  time.  The  transmission  values  observed  were  significantly  (10%)  lower 
than  the  long-path  measurements  taken  during  the  previous  several  days  and  were  judged  to 
be  inadequate  for  use  in  normalizing  the  long-path  measurements  using  the  procedures 
described  in  Refs  2  and  4.  Additional  measurements  were  scheduled  to  take  place  at  San 
Nicolas  Island,  California,  shortly  after  the  data  reported  here  were  collected,  requiring  that 
the  IMORL  equipment  be  transported  to  that  site  shortly  after  the  conclusion  of  the  WSMR 
tests.  The  optical  system  used  for  the  measurements  in  the  March  1979  experiment  was 
unchanged  from  the  configuration  used  in  August  1978  and  the  several  reflecting  surfaces 
were  in  a  similar  state  of  cleanliness  in  each  case  (cleaned  immediately  prior  to  the  start  of 
the  experiment).  Therefore  it  was  determined  that  the  zero-path  measurements  performed 
earlier  in  August  1978  should  be  used  in  the  reduction  of  the  March  1979  data.  The  average 
optical  system  transmission  value  of  0.807  ±  0.013  for  the  DF  laser  region  between  2500 
cm' 1  and  2730  cm" 1  obtained  from  the  earlier  measurements  was  therefore  used  to  reduce 
the  March  1979  data.  This  value  is  consistent  with  earlier  repeated  measurements  in  prior 
experiments  (1,3]. 

Columns  10  and  11  of  Table  1  contain  values  for  calculated  molecular  absorption 
(CMA)  and  differences  between  measured  extinction  and  CM  A  values  based  on  the  values 
listed  in  Column  6  (a)  of  the  table.  These  differences  are  discussed  in  Section  4  of  this 
report. 
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3.2  High  Resolution  Fourier  Transform  Spectroscopy  Measurements 
3.2.1  Absolute  Transmission  Calibration 

A  total  of  26  high  resolution  spectra  were  measured  during  the  period  of  14-21  March 
1979. 

Hardware  problems  experienced  with  the  FTS  system  computer  prevented  its  opera¬ 
tion  in  coincidence  with  the  earlier  laser  extinction  measurements  during  8-13  March. 

Table  2  contains  a  summary  of  the  FTS  measurement  times,  FTS  detector/beamsplitter 
configurations  used  (determining  wavelength  range  covered),  and  the  corresponding  laser 
extinction  measurement  times  used  for  absolute  transmission  normalization  of  the  FTS 
spectra.  Column  8  of  Table  2  lists  the  designations  assigned  to  the  ratioed  (R)  and  nor¬ 
malized  (N)  spectra  obtained  in  the  experiment.  The  spectra  acquired  over  the  6.4-km 
path  were  first  ratioed  to  a  spectrum  obtained  using  a  local  source  (i.e.  one  located  approxi¬ 
mately  3  m  from  the  FTS  instrument)  inserted  into  the  FTS  telescope  optical  train.  The 
color  temperature  of  the  local  source  was  adjusted  to  match  that  of  the  distant  source 
located  in  the  transmitter  trailer  by  monitoring  each  with  an  optical  pyrometer.  Spectra 
ASL02,  ASL07,  ASL08,  and  ASL16  were  taken  using  the  local  source. 

By  ratioing  the  long-path  spectra  to  local  source  spectra,  the  source,  beamsplitter,  and 
detector  response  functions  were  removed  from  the  resulting  spectra.  The  ratioed  spectra 
were  then  converted  from  relative  to  absolute  transmission  by  determining  the  scale  factor 
needed  to  convert  the  relative  transmission  value  of  a  spectrum  at  a  particular  laser  fre¬ 
quency  to  the  absolute  transmission  value  obtained  by  means  of  the  independent  long-path 
laser  extinction  measurement.  Column  7  of  Table  2  lists  the  time  of  the  laser  extinction 
measurements  used  for  absolute  transmission  normalization  of  the  several  spectra  obtained 
in  the  experiment.  Only  long-path  spectra  which  were  obtained  within  one  hour  of  a  series 
of  laser  extinction  measurements  were  so  normalized  and  are  listed  in  Column  8  of  Table  2. 

Operation  of  the  FTS  system  was  possible  only  after  13  March  due  to  data  system  mal¬ 
functions  experienced  prior  to  that  time.  Long-path  spectra  normalized  for  absolute  trans¬ 
mission  by  concurrent  laser  extinction  measurements  were  measured  on  four  days  as  shown 
in  Table  2,  namely  14  and  16-18  March  1979.  Attempts  to  utilize  the  HgCdTe/KBr  detec¬ 
tor/beamsplitter  combination  to  collect  long-wavelength  transmission  spectra  (6-12  pm) 
were  made  on  15  March;  however,  detector-preamplifier  circuit  problems  were  experienced 
with  the  result  that  no  satisfactory  spectra  could  be  obtained. 

Accordingly,  the  FTS  system  was  reconfigured  with  the  InSb/CaF2  detector/beam¬ 
splitter  combination  used  initially  on  14  March,  and  this  was  retained  for  the  remainder  of 
the  measurements. 

Detailed  comparisons  of  the  amplitude  of  each  normalized  spectrum  with  the  individ¬ 
ual  DF  laser  line  transmission  measurements  used  to  generate  the  normalization  are  con¬ 
tained  in  Table  3  for  each  of  the  spectra  labeled  with  an  “N”  suffix  listed  in  Column  8  of 
Table  2.  An  average  multiplicative  factor  was  determined  by  averaging  the  individual  factors 
obtained  for  the  several  laser  transmission  measurements  in  any  particular  measurement 
series.  The  laser  line  identification  and  position  in  cm" 1  are  listed  in  Columns  1  and  2, 


Table  1  —  Laser  Extinction  Measurements  and  Calculated  Molecular  Absorption 
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P2-9  2605.806  0.917  0.0135  0.014  0.000 

P2-10  2580.096  0.688  0.0584  0.051  0.007 

P2-11  2553.952  0.870  0.0218  0.020  0.002 

P2-12  2527.391  0.880  0.0200  0.019  0.001 

P2-8  2631.067  0.962  0.0061  0.012  -0.006 


Table  2  —  Summary  of  FTS  and  Laser  Extinction  Measurement  Conditions 
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ASL26  3-21-79  1010  HgCdTe/KBr  100  zero  none  ASL26R 

ASL27  3-21-79  1045  HgCdTe/KBr  100  zero  none  ASL27R 

ASL28  3-21-79  1106  HgCdTe/KBr  100  zero  none  ASL28R 


Table  3  —  FTS  Spectrum  Normalization  Parameters 


NRL  REPORT  8446 


\ 

t 

f 

i 


_  ^ 

rH 

rH 

o 

CD 

rH 

CO 

CM 

© 

© 

© 

© 

© 

m 

© 

© 

O 

40  1 

o 

O 

o 

o 

rH 

rH 

© 

CM 

CM 

CM 

rH 

CM 

© 

rH 

CM 

rH 

© 

o 

o 

o 

o 

© 

© 

© 

© 

© 

© 

O 

© 

© 

© 

© 

© 

© 

© 

d 

o 

d 

o 

O 

© 

© 

o 

© 

© 

© 

© 

© 

© 

O 

© 

© 

© 

2 

+ 

+ 

+ 

1 

I 

+ 

+ 

+ 

+ 

+ 

4- 

1 

1 

1 

I 

1 

1 

+ 

os 

© 

o 

© 

< 

S  ti  ti 

UJ 

05 

rH 

o 

CM 

m 

CO 

© 

CM 

© 

rH 

CM 

t> 

rH 

© 

© 

rH 

3  3  S 

CM 

t- 

CM 

t> 

rH 

© 

o 

CM 

© 

IN 

r- 

© 

rH 

© 

F- 

CM 

C— 

*  •* 

a 

CM 

CM 

f- 

CM 

rH 

© 

© 

CM 

CM 

© 

© 

© 

© 

CM 

CM 

t- 

o  -5  .2. 

| 

00 

00 

i> 

oo 

oo 

© 

© 

© 

[> 

t> 

t> 

© 

© 

S  c'-a’ 
M  < 

CO 

d 

o 

o 

© 

o 

© 

o 

© 

© 

© 

© 

© 

© 

© 

© 

o 

© 

CO 

o 

00 

r— 

CM 

Tt< 

oo 

05 

co 

00 

© 

© 

F- 

© 

•** 

Tf 

rH 

rH 

© 

rH 

tO  1 

o 

o 

O 

o 

o 

© 

o 

o 

rH 

CM 

CM 

rH 

CM 

in 

© 

© 

CM 

rH 

rH 

rH 

o 

o 

o 

© 

o 

o 

© 

© 

© 

© 

o 

O 

© 

© 

© 

© 

o 

© 

© 

© 

© 

© 

© 

o 

o 

© 

© 

o 

o 

o 

© 

© 

o 

o 

© 

© 

© 

o 

© 

© 

o 

© 

© 

o 

© 

+ 

+ 

I 

1 

i 

+ 

+ 

+ 

+ 

+ 

+ 

1 

1 

i 

+ 

1 

+ 

1 

» 

1 

1 

1 

« 

O 

-) 

</) 

c  £  ~ 

< 

P  5  5 

0) 

tQ 

CO 

00 

CD 

rH 

LO 

CO 

© 

m 

© 

© 

■<* 

© 

CM 

CM 

© 

co 

© 

in 

CO 

cx 

© 

© 

rH 

© 

© 

t> 

05 

© 

© 

© 

© 

© 

m 

© 

CM 

rH 

© 

© 

•g  —  ca 

co 

CM 

Tf 

I> 

CM 

rH 

© 

© 

co 

CM 

© 

O 

© 

© 

© 

© 

© 

© 

co 

CM 

§ 

00 

oo 

r- 

l> 

00 

00 

t> 

oo 

© 

F- 

m 

© 

F» 

f- 

© 

© 

a  E  <;  a) 

o 

o 

o 

o 

o 

o 

O 

© 

© 

o 

© 

© 

© 

o 

© 

© 

o 

© 

© 

d 

© 

<n 

CM 

CO 

CD 

© 

w 

m 

© 

© 

CM 

CO 

-  $  s 

<N 

TT 

00 

rH 

t> 

© 

o 

00 

rH 

TT 

k~  $  s 

00 

© 

00 

oo 

© 

r- 

© 

© 

u  £ 

o 

o 

o 

o 

© 

© 

© 

© 

© 

o 

o 

CO 

05 

CD 

© 

rH 

in 

rH 

t> 

© 

CO 

© 

© 

© 

rH 

m 

© 

CO 

© 

rH 

o 

o 

CO 

rH 

CM 

05 

O 

CN 

co  © 

© 

t> 

© 

© 

rH  © 

co 

rf 

o 

o 

rH 

iD 

o' 

o 

co 

l> 

rH 

rH 

m 

m 

© 

© 

co 

F* 

rH 

rH 

E 

CO 

CO 

to 

00 

00 

© 

© 

CM 

CM 

© 

© 

©  © 

© 

© 

m 

CM  CM 

CO 

CO 

V 

© 

CD 

CD 

CD 

CD 

f- 

t— 

© 

© 

© 

© 

in 

m 

m 

in 

m 

© 

© 

CM 

CM 

CM 

CM 

CM 

CM  CM 

<N 

CM 

CM 

CM 

CM 

CM 

CM 

CM  CM 

CM 

CM 

CM 

CM 

Q 

rH 

E 

g 

r- 

CO 

05 

© 

© 

© 

© 

CM 

rH 

F- 

rH 

CO 

CO 

F- 

© 

O 

© 

© 

© 

© 

o 

<o 

O 

1 

o 

00 

rH 

05 

CO 

© 

© 

o 

© 

CO 

o 

a. 

=>  E 

rH 

in 

© 

CO 

rH 

in 

o 

co 

t- 

rH 

co 

co 

m 

00 

O 

<N 

© 

© 

© 

© 

CM 

CO 

' — ’ 

CD 

© 

© 

F- 

F- 

© 

© 

© 

© 

in 

© 

CM 

CM 

CM 

CM 

IN 

CM 

CM 

CM 

CM 

CM 

CM 

a 

rH 

o 

rH 

CM 

05 

00 

CM 

© 

iO 

© 

© 

rH 

rH 

rH 

© 

Q 

cs 

CM 

CM 

N 

CM 

CM 

CM 

CM 

CM 

CM 

05 

j 

a. 

x 

a. 

IX. 

X 

X 

X 

X 

X 

X 

X 

S 

Standard  Deviation  +0.0225 


Table  3  —  FTS  Spectrum  Normalization  Parameters  (continued) 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


S  -o  "H  « 

..33 

"if#  I 


Q) 

|  ■o  C  $ 

-  2  3  g  t 

**  8  ft! 


2  3  s  -s 

5  a  a  g- 
o  a  -2,  E 
S  s  *o  § 


H 

TP  © 

O  IN 

OSXOXt-XXeg 

© 

© 

00  © 

rH 

rH  CO 

0 

O 

rH  OJ  H  ©  H  <M 

© 

rH 

CM 

© 

© 

co 

© 

O 

©  © 

0 

O 

©  ©  ©  ©  ©  © 

© 

© 

© 

© 

© 

0 

© 

© 

©  © 

o' 

o' 

©  ©  ©  ©  ©  © 

© 

© 

© 

© 

© 

© 

© 

+ 

+  + 

+ 

+ 

1  1  1  1  1  1 

1 

1 

+ 

+ 

+ 

1 

1 

00 

00  00 

0 

©  ©  ©  ©  r-t  ©  © 

cm 

© 

CM 

CM 

co 

© 

t— 1 

© 

00ON^N©H^ 

© 

© 

Tp 

Tp 

© 

rH 

Tp 

00 

00  cm 

CM 

eg 

©  CM  rH  rH  ©  © 

© 

CM 

CM 

rH 

rH 

CO 

© 

00 

00  00 

CO 

00 

00  00  ©  ©  ©  © 

oq 

CO 

OO 

X  X 

CO 

© 

d 

©  © 

© 

o' 

©  ©  ©  ©  ©  © 

© 

© 

© 

o'  d 

© 

© 

© 

rH  rH 

os 

OH*MO)(CN 

© 

© 

r- 

© 

© 

CM 

rH 

rH  CO 

© 

0 

TP  ©  CM  CM  ©  rH 

0 

© 

© 

CM 

co 

CM 

© 

0 

©  © 

© 

0 

O  ©  O  ©  ©  O 

0  © 

© 

©  q 

© 

© 

d 

©  © 

© 

o' 

0  0  0  0  0  0  0 

© 

© 

o*  d 

© 

d 

+ 

+  + 

1 

1 

1  1  1  1  1  1 

+ 

+ 

+ 

+ 

+ 

1 

1 

CM  © 

CO  CO 

O  t-  N  t-  t-  N 

H# 

rH 

CM 

CO 

CO 

CM 

05 

Ol  CM 

CM 

03 

rH  X  X  03  03  eg 

rH 

© 

r- 

co 

03  eg 

OO 

CO  CM 

rH  O 

rH  03  OS  03  00  X 

Hj* 

© 

t* 

co 

Tp 

CO 

© 

00 

©  CO 

00 

X 

X  t>  tr-  t>  X  X 

X 

00 

CO 

CO 

CO 

CO 

© 

000 

o' 

o' 

o'  o'  d  d  o'  d 

o' 

© 

© 

© 

d 

© 

© 

05  00  00 

to 

H* 

t-  to  to  n  h  os 

t- 

© 

00 

CM 

© 

rH  ©  CM 

rH  CM 

X  X  rH  TO  rH  rH 

O 

© 

© 

Tp 

© 

©  O  © 

0 

0 

OOOOOO 

0 

© 

© 

© 

0  0 

©  ©  © 

0000000000 

© 

© 

© 

© 

+ 

+  + 

1 

1 

1  I  1  1  1  1 

+ 

+ 

+ 

+ 

1 

Tp 

©  t> 

aiamo^H^ooN 

© 

© 

Tp 

© 

TP 

© 

©  ©  CM 

eg 

Tp 

X  to  C-  O  X  03 

X  X 

© 

CM 

© 

00 

© 

03 

© 

03  03  0  03  M  N 

Tp 

Tp 

© 

© 

© 

CO 

CM 

00 

00 x 

C- 

t-  t-  x  x  x 

CO 

CO 

0Q 

CO 

oq 

oq 

© 

© 

o'  o' 

0  0 

o'  d  o'  d  o'  o' 

© 

© 

© 

© 

© 

© 

© 

rH 

CM 

© 

rH  ©  © 

© 

© 

© 

© 

© 

CM 

© 

H 

©  CM  t* 

© 

CM 

© 

© 

© 

00 

c- 

© 

oq  00  oo 

oq 

© 

C"» 

© 

© 

© 

© 

© 

©  ©  © 

© 

© 

© 

© 

© 

«  os  x 

© 

rH 

X  rH  f  TO  TO  OS  X 

Tp 

© 

rH 

© 

© 

Tp 

© 

© 

0 

©  oq 

rH 

nosocinoo 

co 

© 

rH  © 

CO 

tp 

© 

© 

*H 

r-i  © 

OOM^M«HH 

d 

d 

O  O  TO 

C-* 

C-* 

rH 

rH 

CO 

CO  © 

00 

X 

OONCJWWOO 

CO 

CO 

© 

CM 

CM 

© 

© 

to 

©  © 

©  © 

h  M-  ^  <0 

© 

© 

© 

© 

© 

© 

© 

© 

eg 

CM  CM 

cm  cm 

cm  cm  cm  cm  cm  cm  cm 

N 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

t> 

00 

03 

03  03  t- 

© 

© 

CM 

rH 

t— 

to 

© 

t- 

03  O  X 

© 

© 

© 

© 

© 

© 

oq 

rH 

q  to  q 

oq 

© 

© 

oq 

© 

H 

© 

© 

TO  t-'  r-i 

d 

© 

CO 

rH 

CO 

© 

00 

ONTO 

© 

CO 

© 

CM 

© 

to 

© 

to 

r»  t-  to 

© 

© 

© 

© 

© 

(N 

N 

N 

cs  in  eg 

CM 

CM 

CM 

CM 

CM 

© 

rH 

CM 

°9 

X 

X  Hf  °0 

05 

rH 

rH 

rH 

© 

N 

cm 

CO 

eg  eg  eg 

cm 

CM 

CM 

CM 

CM 

Ok 

Oh 

Ah 

Ah  AH  Ok 

0h 

Oh 

Oh 

Oh 

Oh 

Mean _ -0,0081 _ -0.0035 _ -0,0041 

Standard  Deviation  ±0.0336  ±0.0280  ±0.0197 

Continues 


Table  3  —  FTS  Spectrum  Normalization  Parameters  (continued) 


NRL  REPORT  8446 


UD 

4/ 

3 

C 

C 


] 


Table  3  —  FTS  Spectrum  Normalization  Parameters  (continued) 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


^ 

X 

X 

K 

© 

to 

CM 

in 

06 

os 

'M* 

CO 

m 

X 

X 

TP 

© 

X 

X 

O 

© 

rH 

X 

rH 

X 

40  J 

rH 

CM 

(N 

fH 

CM 

rH 

rH 

o 

© 

rH 

o 

© 

© 

rH 

o 

rH 

© 

CM 

rH 

o 

rH 

o 

o 

© 

o 

o 

o 

o 

o 

o 

o 

o 

© 

© 

O 

rH 

o 

O 

© 

O 

O 

o 

o 

2 

d 

o 

o 

o 

i 

o 

1 

o 

o 

1 

o 

1 

o 

d 

o 

© 

© 

© 

O 

o 

o 

i 

o 

o 

1 

o 

1 

o 

1 

o 

4-1 

otf 

o 

CM 

CO 

<1 

8  *§  -g 

a 

01 

as 

in 

00 

m 

rH 

CO 

m 

00 

03 

m 

Tf 

t*- 

X 

X 

rH 

05 

© 

05 

X 

c«  « 

o 

00 

00 

to 

CO 

00 

m 

co 

Tp 

o 

oo 

rH 

X 

X 

X 

CM 

o 

X 

00 

oo 

•M* 

m 

CD 

m 

to 

00 

00 

X 

X 

X 

X 

X 

X 

X 

X 

*■  a -2. 

8 

f* 

C- 

t> 

r- 

O’ 

r- 

X 

X 

l> 

r- 

r- 

xc  "O  « 

o 

o 

d 

o 

o 

o 

o 

o 

d 

o 

d 

d 

© 

© 

o 

o 

d 

© 

o 

© 

X 

l"- 

** 

fH 

in 

r*- 

Tf 

CD 

r- 

rH 

C'** 

© 

© 

X 

X 

05 

o 

05 

X 

© 

Tf 

40  _  1 

CM 

CM 

CM 

o 

rH 

o 

o 

o 

o 

o 

rH 

© 

© 

o 

© 

o 

rH 

rH 

rH 

rH 

o 

rH 

© 

o 

o 

o 

o 

o 

o 

o 

o 

o 

© 

© 

© 

© 

rH 

o 

© 

O 

© 

o 

© 

o 

o 

o 

o 

d 

o 

o 

o 

o 

d 

o 

© 

o 

© 

© 

© 

o 

o 

O 

o 

o 

o 

o 

2 

i 

1 

1 

1 

1 

i 

i 

1 

i 

i 

-H 

OS 

© 

rH 

j 

to 

4) 

< 

8  -a  ■£ 

£ 

00 

00 

CD 

OS 

00 

CO 

05 

m 

X 

X 

X 

© 

r- 

i> 

CM 

X 

X 

<N 

CD 

fH 

tH 

Tf 

r- 

CD 

rH 

CM 

CM 

© 

© 

rH 

X 

o 

rH 

X 

CM 

X 

.  .  h  .a  u 

a 

00 

00 

m 

to 

m 

t> 

t- 

t> 

X 

X 

in 

© 

X 

X 

HP 

X 

X 

*-  9.  a -2, 

6 

0- 

r- 

c- 

f- 

o 

X 

X 

t> 

t- 

r- 

l> 

t- 

&  8  3  £ 

CO  <  ^  w 

o 

d 

o 

d 

o 

d 

o 

o 

o 

o 

d 

o 

© 

o 

o 

o 

o 

o 

o 

o 

i*  US 

-  9i  c 

N 

m 

© 

00 

to 

X 

X 

X 

X 

CM 

to 

CM 

to 

oo 

CD 

t- 

m 

X 

© 

k  8  § 

t> 

t- 

r- 

X 

t- 

X 

j  £ 

d 

o 

o 

o 

o 

d 

o 

o 

o 

o 

o 

X 

05 

8 

in 

rH 

in 

rH 

co 

X 

05 

X 

X 

rH 

X 

X 

•M* 

X 

05 

o 

o 

rH 

CM 

OS 

O 

CM 

co 

o 

o 

x  © 

rH 

<35 

X 

o 

o 

a  'e 

rH 

rH 

in 

o 

o 

co 

co 

rH 

rH 

in 

ib  © 

o 

X 

r- 

rH 

rH 

CO 

CO 

m 

00 

00 

o 

o 

CM  CM 

X 

X 

© 

©  oo 

X 

X 

CM 

CM 

X 

X 

a 

to 

to 

to 

to 

to  t- 

to 

© 

© 

CD  X 

X 

X 

X 

X 

X 

© 

Q 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

6 

2 

V 

CO 

as 

OS 

0S 

r- 

© 

X 

CM 

rH 

s. 

8 

CD 

OS 

o 

© 

© 

© 

X 

05 

X 

CO 

00 

rH 

03 

CO 

© 

X 

© 

X 

X 

© 

*  8 

rH 

in 

O 

CO 

r~ 

rH 

in 

© 

X 

r~* 

rH 

CO 

in 

OO 

© 

CM 

X 

© 

X 

X 

CM 

X 

c 

to 

X 

CD 

l> 

to 

X 

X 

X 

X 

© 

0 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

1 

Q 

to 

b 

rH 

o 

rH 

CM 

SP 

•v 

01 

s 

00 

CM 

i 

CM 

CD 

CM 

in 

CM 

Hf 

CM 

00 

CM 

05 

CM 

rH 

CM 

rH 

CM 

rH 

CM 

00 

CM 

to 

> 

J 

&. 

a. 

CL 

a. 

a. 

a. 

a. 

a. 

Du 

a. 

0. 

X 

14 


Continues 


NRL  REPORT  8446 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


respectively,  in  Table  3.  The  next  four  columns  list  (a)  the  wavenumber  of  a  spectrum 
sample,  v ',  (b)  the  measured  laser  transmission  t,  (c)  the  individual  amplitude  t  of  a  spec¬ 
trum  sample  adjacent  to  or  coincident  with  (to  two  decimal  places)  the  appropriate  laser 
line  wavenumber,  and  (d)  the  difference  8  between  the  amplitude  of  the  spectrum  sample 
and  the  actual  transmission  value  measured  at  the  laser  frequency.  The  average  of  the  6 
values  and  standard  deviation  are  listed  at  the  bottom  of  each  column  of  5  values.  Values  for 
r '  and  8  for  each  of  the  spectra  normalized  by  a  given  set  of  laser  transmission  values  r  are 
repeated  in  successive  columns  in  Table  3.  As  can  be  seen  by  examining  the  comparisons 
listed  in  the  table,  the  average  8  value  or  residual  offset  is  typically  a  few  tenths  of  a  percent 
transmission.  The  random  error  in  the  normalization  procedure  approximated  by  the  stan¬ 
dard  deviation  in  5  is  generally  less  than  ±  2%  transmission  except  in  cases  where  the  spec¬ 
tral  signal-to-noise  ratio  is  poorer,  e.g.  spectra  ASL13RN,  ASL14RN,  and  ASL23RN.  The 
measurement  accuracy  in  an  individual  laser  extinction  measurement  is  estimated  to  be  ±  3% 
under  good  measurement  conditions.  Nine  or  ten  individual  laser  extinction  measurements 
are  averaged  in  arriving  at  the  normalization  factor  used  in  scaling  a  given  spectrum  in  units 
of  absolute  transmission.  Thus,  redundant  laser  transmission  measurements  should  combine 
to  produce  an  average  scale  factor  accurate  to  about  ±1%.  When  applied  to  a  given  spectrum 
the  resultant  absolute  transmission  calibration  should  be  valid  to  ±  2%  in  the  best  case  of  a 
high  signal-to-noise  ratio  spectrum,  with  the  accuracy  correspondingly  degraded  to  about 
±  4  or  5%  in  cases  where  the  spectrum  signal-to-noise  ratio  is  poorer. 

Figures  4  thru  13  are  graphic  presentations  of  portions  of  two  of  the  ratioed  and  nor¬ 
malized  spectra  listed  in  Table  1,  namely  ASL06RN  and  ASL17RN.  These  figures  were 
reproduced  from  CRT  displays  of  the  spectra  obtained  with  FTS  system  software.  Reading 
from  top  to  bottom  of  each  column  in  each  of  the  figures,  the  location  of  each  of  the  laser 
line  positions  listed  in  Table  3  is  shown.  The  top  photograph  shows  the  atmospheric  trans¬ 
mission  structure  in  the  vicinity  of  the  individual  laser  line  which  is  specified  at  the  bottom 
of  each  column.  The  lower  photograph  in  each  column  shows  the  same  portion  of  the 
spectrum  at  increased  dispersion  so  that  individual  samples  in  the  spectrum  (0.06  cm'  1  wide) 
are  evident.  The  cursor  in  each  photograph  marks  the  spectrum  location  in  cm'  1  (top 
number)  to  two  decimal  places  and  the  spectrum  amplitude  at  that  location  to  four  decimal 
places.  These  values  are  the  v '  and  t  ’  values  listed  for  spectra  ASL06RN  and  ASL17RN  in 
Table  3. 

Some  general  observations  can  be  made  upon  an  examination  of  Figs.  4-13.  The 
majority  of  the  2  —  1  band  DF  laser  lines  are  located  fortuitously  at  positions  which  are 
relatively  free  of  coincidence  with  atmospheric  absorption  lines.  The  P2-10  located  at 
2580.096  cm” 1  is  the  one  notable  exception  (see  Figs.  5  and  10).  The  P2-10  DF  laser  line 
is  located  on  the  shoulder  of  an  NzO  absorption  line.  The  periodic  structure  shown  in  the 
upper  left-hand  portion  of  Figs.  5  and  10  is  a  portion  of  the  prominent  NzO  absorption 
band  located  near  2565  cm"  1 .  Consequently,  the  P2-10  DF  laser  line  is  a  poor  choice  for 
use  in  obtaining  an  absolute  transmission  normalization  for  the  FTS  spectra. 

The  substantial  change  in  FTS  spectrum  amplitude  values  between  the  two  adjacent 
spectrum  samples  for  such  a  case  as  shown  in  Figs.  5  and  10  introduces  a  significant  un¬ 
certainty  into  the  laser  transmission  normalization  procedure.  Additional  errors  are  intro¬ 
duced  into  the  procedure  due  to  any  misregistration  of  the  laser  line  position  with  the 
FTS  spectrum.  Both  types  of  problems  are  minimized  when  laser  line  positions  free  from 
coincidence  with  absorption  lines  are  used  to  derive  the  absolute  transmission  normalization. 
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Examples  of  the  laser  lines  which  are  preferable  for  use  in  deriving  the  normalizations  are 
the  P2-8,  P2-5,  P2-4,  and  P2-12.  The  remaining  DF  laser  lines,  P2-7,  P2-6,  P2-9  and  P2-11, 
can  also  be  useful  for  derivation  of  absolute  transmission  normalization  factors  for  the 
spectra  obtained  in  these  measurements.  The  data  presented  in  this  report  were  obtained 
under  reduced  total  atmospheric  pressure  conditions  at  the  WSMR  elevation  (875  mb  at 
1208  m  above  mean  sea  level  (MSL))  and  low  atmospheric  water  vapor  concentrations  of 
2-5  torr  water  vapor  partial  pressure;  these  parameters  represent  a  more  favorable  case  than 
would  be  obtained  in  general  for  long-path  transmission  spectra  measured  at  sea  level  under 
higher  water  vapor  partial  pressure  and/or  higher  total  atmospheric  pressure  conditions.  The 
P2-7,  P2-6,  P2-9,  and  P2-11  laser  lines  are  sufficiently  close  to  atmospheric  HDO  and  HzO 
absorption  lines  (P2-7,  P2-6,  and  P2-9)  and  to  an  atmospheric  NzO  absorption  line  (P2-11) 
so  that  appreciable  overlap  of  the  absorption  line  wing  and  the  laser  line  position  will  occur 
under  higher  pressure  conditions.  This  effect  has  been  observed  for  comparisons  similar  to 
those  shown  in  Figs.  4-13  for  sea-level  spectra  taken  at  San  Nicolas  Island,  California,  over  a 
4-km  path  during  absolute  humidity  conditions  averaging  around  10  g/m3  H20.  For  the 
comparisons  listed  in  Table  3  and  shown  in  Figures  4-13,  the  amplitude  of  a  spectrum 
sample  value  (r' values  listed  in  Table  3)  varies  usually  no  more  than  1%  in  absolute  trans¬ 
mission  between  two  adjacent  samples  which  bracket  the  position  of  the  2  1  band  DF 

laser  line  used  to  normalize  the  spectrum  for  absolute  transmission.  The  notable  exception 
is  the  P2-10  line  as  previously  observed.  Accordingly,  the  average  multiplicative  normaliza¬ 
tion  factor  derived  by  comparing  measured  laser  transmission  to  spectrum  sample  am¬ 
plitudes  at  each  of  the  v'  values  shown  in  Table  3  did  not  include  the  measurements  for  the 
P2-10  line.  For  higher  total  pressure  and  higher  water  vapor  conditions,  omission  of  data  for 
additional  laser  lines  would  be  appropriate  as  discussed  above. 


Fig.  7  —  Oscilloscope  trace  showing  normalized  spectrum  structure  and  absolute  transmission  amplitude  in 
the  vicinity  of  the  DF  laser  lines:  spectrum  ASL06RN,  P2-6  (left)  and  P2-5  (right) 


DOWLING,  HANLEY,  CURCIO,  C.OTT,  AND  WOYTKO 


1 


spectrum  structure  and  absolute  transmission  ampli¬ 
tude  in  the  vicinity  of  DF  laser  lines:  spectrum 
ASL06RN,  P2-4 


the  vicinity  of  DF  laser  lines:  spectrum  ASL1 7RN,  P2-10  (left)  and  P2-9  (right) 
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the  vicinity  of  DF  laser  lines:  spectrum  ASL17RN,  P2-6  (left)  and  P2-5  (right) 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


3.2.2  Path-Integrated  Molecular  Absorber  Concentrations 

Figures  14  and  15  are  plots  of  limited  portions  of  three  of  the  ratioed,  normalized 
spectra  listed  in  Table  2,  for  the  spectral  interval  2680-2800  cm-  1 .  Several  reasonably  well 
isolated  HDO  absorption  lines  appear  in  this  region,  and  absorption  profiles  of  these  lines 
provide  a  measure  of  path-integrated  average  concentrations  of  this  isotope  occurring  during 
the  measurement  times.  Using  the  standard  sea-level  model  atmospheric  abundance  ratio  of 
0.03%  HDO/H20  [5] ,  the  path-integral  HDO  measurements  can  be  used  to  infer  path- 
integral  values  for  water  vapor  concentrations  along  the  path.  In  the  2680-  to  2800-cm~  1 
region  shown,  only  a  few  relatively  weak  H20  absorption  lines  can  be  identified,  in  contrast 
to  the  typical  condition  of  very  strong  HaO  absorption  lines  in  most  regions  of  the  near  in¬ 
frared.  Provided  that  the  accepted  value  for  the  sea-level  HDO/H20  ratio  is  correct,  the 
spectral  regions  of  the  aforementioned  figures  are  then  quite  useful  for  determining  average 
absolute  humidities  over  long  atmospheric  paths. 

In  addition  to  the  few  weak  HaO  absorption  lines  which  can  be  identified  in  the  spec¬ 
tral  regions  shown  in  Figs.  14  and  15,  a  few  weak,  relatively  isolated  absorption  lines  of 
methane  and  nitrous  oxide  can  also  be  identified. 

Table  4  contains  a  list  of  the  spectral  features  identified  for  the  three  spectra  shown  in 
Figs.  14  and  15.  Column  1  of  the  table  lists  the  line  position  contained  in  the  1978  edition 
of  the  AFGL  line  atlas  [6] .  The  second  column  contains  the  observed  line  position  mea¬ 
sured  from  the  spectral  records  shown  in  Figures  14  and  15,  generally  to  a  precision  of 
0.05  cm"  1 .  Columns  3,  4,  and  5  contain  the  species  identification,  line  strength,  and  line 
half-width,  respectively,  as  contained  in  Ref.  10.  The  same  notation  for  molecular  species 
used  in  Ref.  5  is  used,  namely  162  =  HDO,  161  =  H20,  211  =  CH4,  and  446  =  N20.  The 
last  column  of  Table  4  lists  the  transmission  at  line  center  (maximum  absorption)  for  each 
of  the  prominent  absorption  lines  identified  in  spectrum  ASL04RN.  The  AFGL  line  atlas 
[ 5,6J  lists  over  2600  lines  in  the  2680-  to  2800-cm'  1  region,  whereas  Table  4  contains  an 
identification  of  165  these  for  which  the  product  of  line  strength  and  concentration  is 
highest.  The  observed  line  positions  (Column  2  of  Table  4)  are  consistently  about  0.05- 
0.07  cm'  1  less  than  the  AFGL  values  listed  in  Column  1,  which  is  the  limiting  accuracy 
of  the  FTS  hardware  and  plotting  software.  Improvements  in  the  FTS  frequency  scale  cali¬ 
bration  to  <  0.05  cm'  1  are  possible  by  using  independent  measurements  of  multiline  laser 
spectra  and  interpolation  procedures;  this  was  not  done  for  the  spectra  shown  in  Figs.  14 
and  15  which  are  sufficiently  well  calibrated  in  frequency  to  provide  unambiguous  compar¬ 
isons  to  the  spectral  lines  listed  in  Column  1  of  Table  4. 

Path-integral  molecular  absorber  concentrations  were  derived  by  simply  measuring  the 
peak  absorption  (minimum  transmission)  values  of  each  absorption  line  at  line  center  and 
relating  this  measurement  (corrected  for  the  spectral  line  base  absorption  value,  i.e.  local 
transmission  maximum)  to  the  average  numerical  density  of  a  particular  molecule  along  the 
absorption  path.  This  procedure  is  less  exact  than  integrating  the  area  under  a  spectral 
absorption  line  and  equating  that  value  to  the  line  strength,  particularly  when  the  line  pro¬ 
file  suffers  significant  modification  due  to  the  effects  of  finite  resolution  of  the  measuring 
instrument.  In  the  present  case  the  full  base  width  of  the  unapodized  FTS  instrument 
function  is  0.0625  cm'  1  or  about  0.05  cm  1  for  an  apodized  spectrum  using  a  conventional 
spectroscopic  definition  (Rayleigh  criterion). 
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Table  4  —  FTS  Spectral  Line  Identifications  and  Measured  Transmissions  (ASL04RN) 


Line  Pos. 
Calculated 

Line  Pos. 
Observed 

Species* 

s 

(cm"  1  /molecule  cm"  2 ) 

a 

(cm- 1 ) 

m 

2680.759 

2680.70 

162 

0.776  E-23 

■sa 

0.103 

2681.792 

2681.75 

161 

0.149  E-24 

0.770 

2682.230 

2682.20 

211 

0.316  E-21 

0.757 

2682.420 

2682.35 

211 

0.228  E-21 

0.775 

2682.610 

2682.55 

211 

0.246  E-21 

0.055 

0.790 

2682.860 

2682.80 

211 

0.702  E-22 

0.055 

0.807 

2683.250 

2683.20 

211 

0.263  E-21 

0.055 

0.772 

2683.640 

2683.60 

211 

0.281  E-21 

0.055 

0.775 

2684.686 

2684.65 

162 

0.153  E-24 

0.086 

0.770 

2685.970 

2685.90 

162 

0.303  E-24 

0.087 

0.728 

2682.562 

2686.50 

162 

0.333  E-24 

0.089 

0.758 

2687.267 

2687.20 

162 

0.113  E-24 

0.096 

0.792 

2687.646 

2687.55 

162 

0.130  E-24 

0.096 

0.782 

2688.372 

2688.30 

162 

0.300  E-24 

0.084 

0.737 

2689.785 

2689.75 

162 

0.511  E-23 

0.107 

0.232 

2691.200 

2691.15 

211 

0.281  E-21 

0.055 

0.772 

2691.590 

2691.50 

211 

0.263  E-21 

0.055 

0.768 

2692.750 

2692.70 

162 

0.739  E-23 

0.103 

0.130 

2693.335 

2693.30 

161 

0.425  E-24 

0.061 

0.624 

2694.708 

2694.65 

162 

0.905  E-24 

0.094 

0.624 

2695.208 

2695.15 

162 

0.522  E-23 

0.098 

0.221 

2695.820  \  + 
2696.010  »  “ 

2695.85 

211 

0.694  E-21 

0.054 

0.610 

2696.203 

2696.15 

162 

0.167  E-24 

0.086 

0.735 

2697.000  )  t 
2697.120  f  a 

2697.05 

211 

0.351  E-21 

0.055 

0.750 

2697.650 

2697.60 

211 

0.350  E-21 

0.054 

0.756 

2697.810 

2697.75 

211 

0.386  E-21 

0.055 

0.745 

2698.168 

2698.10 

162 

0.153  E-24 

0.098 

0.766 

2698.528 

2698.45 

162 

0.417  E-24 

0.093 

0.702 

2699.420 

2699.35 

162 

0.682  E-24 

0.091 

0.688 

2702.119 

2702.10 

162 

0.215  E-24 

0.094 

0.660 

2703.093 

2703.05 

162 

0.262  E-24 

0.086 

0.770 

2704.458 

2704.40 

162 

0.198  E-24 

2704.560 

2704.50 

211 

0.246  E-21 

0.055 

0.758 

2706.216 

2706.15 

162 

0.153  E-23 

0.097 

0.557 

2707.150 

2707.05 

211 

0.175  E-22 

0.055 

0.655 

2708.179 

2708.15 

162 

0.417  E-23 

0.099 

0.300 

2709.050 

2709.05 

211 

0.228  E-21 

0.055 

0.708 

2709.340 

2709.25 

162 

0.135  E-23 

0.094 

0.585 

2710.080 

2710.00 

211 

0.175  E-22 

0.055 

0.745 

2710.336 

2710.30 

162 

0.344  E-24 

0.044 

0.640 

2710.960 

2710.90 

211 

0.175  E-21 

0.055 

0.638 

2711.260 

2711.25 

211 

_ 

0.422  E-21 

0.055 

0.608 

161  =  n.20,  162  =  HDO,  21 1  =  CH4,  446  =  N20 
denotes  unresolved  blend. 
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Table  4  —  FTS  Spectral  Line  Identifications  and  Measured 
Transmissions  (ASL04RN)  (continued) 


Line  Pos. 
Calculated 

Line  Pos. 
Observed 

Species* 

S 

(cm' 1  /molecule  cm"  2 ) 

a 

(crrT  1 ) 

2711.270 

2711.50 

211 

0.333  E-21 

0.055 

2711.515 

2711.50 

162 

0.258  E-24 

0.061 

2712.060 

2712.05 

211 

0.515  E-21 

0.055 

2712.741 

2712.70 

162 

0.708  E-27 

0.037 

2713.212 

2713.15 

162 

0.307  E-24 

0.075 

2713.866 

2713.80 

162 

0.540  E-24 

0.056 

2713.879 

2713.80 

162 

0.540  E-24 

0.056 

2714.535 

2714.50 

162 

0.654  E-24 

0.071 

2714.853 

2714.82 

162 

0.139  E-23 

0.031 

2714.966 

2714.92 

162 

0,270  E-23 

2715.407 

2715.35 

162 

0.118  E-23 

■ 

2715.958 

2715.90 

162 

0.106  E-23 

2716.271 

2716.20 

162 

0.255  E-23 

0.094 

2716.810 

2716.80 

162 

0.130  E-23 

0.070 

2716.840 

2716.80 

211 

0.702  E-22 

0.055 

2716.913 

2716.80 

162 

0.130  E-23 

0.070 

2716.933 

2716.80 

162 

0.353  K-25 

0.081 

2717.751 

2717.70 

162 

0.398  E  23 

0.040 

2718.647 

2718.60 

162 

0.245  E-23 

0.063 

2718.682 

2718.60 

162 

0.245  E-23 

0.063 

2719.007 

2719.05 

162 

0.322  E  25 

0.083 

2719.116 

2719.05 

162 

0.322  F  25 

0.086 

2719.631 

2719.60 

162 

0  117  E-23 

0.085 

2720.132 

2720.05 

162 

0.4 1 2  E  23 

0.055 

2720.136 

2720.05 

162 

0.4  ,2  E-23 

0.055 

2720.495 

2720.50 

162 

0.464  E-23 

0.095 

2720.553 

2720.50 

162 

0.414  E-23 

0.082 

2720.838 

2720.80 

162 

0.562  E-23 

0  102 

2720.900 

2720.80 

162 

0.285  E-25 

0.093 

2721.877 

2721.85 

162 

0.733  E-23 

0.077 

2721.934 

2721.85 

162 

0.733  E-23 

0.077 

2722.664 

2722.60 

162 

0.848  E-23 

0.096 

2723.338 

2723.30 

162 

0.847  E-23 

0.096 

2723.777 

2723.75 

162 

0.461  E-23 

0.095 

2724.798 

2724.75 

162 

0.121  E-24 

0.094 

2725.682 

2725.65 

162 

0.249  E-23 

0.094 

2726.161 

2726.10 

162 

0.558  E-23 

0.102 

2726.630 

2726.60 

211 

0.874  E-21 

0.057 

2727.528 

2725.50 

162 

0.104  E-24 

2728.060 

2728.00 

162 

0.253  E-24 

0  100 

2729.007 

2728.95 

162 

0.105  E-24 

0.086 

2729.010 

2728.95 

162 

0.357  E-25 

0.096 

2729.675 

2729.65 

162 

0.129  E-23 

0.094 

0.528 

0.529 

0.639 

0.606 

0.740 

.546 

.546 

.728 

.312 

0.355 

0.532 

0.295 

0.390 

0.315 

0.315 

0.315 

0.315 

0.195 

0.145 

0.145 

0.655 

0.655 

0.532 

0.048 

0.048 

0.063 

0.063 

0.075 

0.075 

0.025 

0.025 

0.092 

0.079 

0.200 

0.719 

0.408 

0.207 

0.440 


0.757 

0.790 

0.790 

0.555 


H20.  162  -  MIX).  21  1 


‘-Wy-i 


NRL  REPORT  8446 


Table  4  —  FTS  Spectral  Line  Identifications  and  Measured 
Transmissions  (ASL04RN)  (continued) 
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Table  4  —  FTS  Spectral  Line  Identifications  and  Measured 
Transmissions  (ASL04RN)  (continued) 


Line  Pos. 
Calculated 

Line  Pos. 
Observed 

Species* 

S 

(cm-  1  /molecule  cm-  2 ) 

a 

(cm-1 ) 

T 

2771.614 

2771.60 

0.282  E-24 

0.090 

0.507 

2722.259 

2722.20 

0.739  E-23 

0.099 

0.131 

2722.630 

2772.60 

0.404  E-21 

2722.657 

2722.60 

0.524  E-21 

0.055 

2773.404 

2773.40 

446 

0.454  E-21 

0.077 

0.752 

2773.872 

2773.80 

211 

0.607  E-21 

0.063 

0.680 

2777.301 

2777.25 

162 

0.878  E-23 

0.095 

2778.148 

2778.10 

162 

0.197  E-24 

0.098 

0.720 

2778.640 

2778.60 

211 

0.263  E-21 

0.055 

0.765 

2779.969 

2779.90 

162 

0.953  E-23 

0.098 

0.105 

2782.718 

2782.70 

162 

0.526  E-23 

0.093 

0.207 

2783.353 

2783.30 

162 

0.210  E-23 

0.081 

0.244 

2783.722 

2783.70 

162 

0.418  E-24 

0.102 

0.620 

2784.351 

2784.30 

446 

0.153  E-22 

0.093 

0.732 

2784.355 

2784.30 

446 

0.153  E-22 

0.110 

0.732 

2784.748 

2784.70 

446 

0.499  E-23 

0.082 

0.733 

2784.742 

2784.70 

446 

0.499  E-23 

0.082 

0.733 

2785.659 

2785.60 

162 

0.515  E-23 

0.095 

0.208 

2787.333 

2787.30 

162 

0,773  E-23 

0.096 

0.120 

2788.811 

2788.75 

161 

0.121  E-23 

0.377 

2789.593 

2789.55 

162 

0.828  E-23 

0.094 

0.108 

2791.759 

2791.70 

162 

0.866  E-23 

0.096 

0.112 

2792.253 

2792.20 

446 

0.555  E-22 

0.070 

2793.411 

2793.40 

446 

0.130  E-21 

0.073 

0.730 

2793.628 

2793.50 

446 

0.152  E-21 

0.073 

0.725 

2793.840 

2793.75 

446 

0.177  E-21 

0.074 

0.750 

2794.638  \  + 
2794.702  f 

2794.60 

446 

0.309  E-21 

0.075 

0.752 

2794.60 

446 

0.548  E-22 

0.086 

2795.008 

2794.95 

446 

0.398  E-21 

0.075 

0.737 

2795.431 

2795.40 

162 

0.206  E-24 

0.098 

0.726 

2796.294 

2796.25 

162 

0.525  E-23 

0.092 

0.186 

2796.577 

2796.50 

162 

0.911  E-24 

0.065 

0.355 

2797.472 

2797.40 

162 

0.272  E-23 

0.081 

0.328 

2797.971 

2797.90 

162 

0.271  E-23 

0.084 

0.322 

2798.747 

2798.70 

162 

0.313  E-24 

0.095 

0.682 

2799.189 

2799.15 

162 

0.126  E-25 

0.089 

0.673 

2799.193 

2799.15 

2799.45 

162 

0.873  E-25 

0.083 

0.673 

2799.787 

2799.75 

162 

0.576  E-24 

0.096 

0.564 
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This  value  is  25-50%  of  the  half  width  of  most  of  the  lines  listed  in  Table  4  and  accord¬ 
ingly  does  not  contribute  significantly  to  a  reduction  in  peak  line  intensity.  HITRAN  calcu¬ 
lations  were  performed  for  conditions  corresponding  to  the  measurements  shown  in  Figs.  14 
and  15,  including  convolution  with  (sin  x)/x  instrument  functions.  Very  minor  differences 
are  apparent  between  infinite  resolution  calculations  and  those  done  with  instrument  func¬ 
tions  up  to  0.08  cm-  1 ;  therefore  it  was  determined  that  the  errors  introduced  by  measuring 
peak  absorption  line  transmission  as  opposed  to  integrated  line  area  would  be  less  than  10%. 

A  more  important  factor  contributing  to  errors  in  determining  path-integral  molecular  con¬ 
centrations  from  the  spectra  shown  in  Figs.  14  and  15  for  many  cases  is  the  blending  of 
many  weak  unresolved  lines  with  a  marginally  stronger  line  being  measured.  This  situation 
exists  for  most  of  the  H20,  CH4,  and  N20  lines  measured  here.  Only  a  rigorous  correction 
for  the  contribution  of  the  several  weaker  blending  lines  would  improve  the  measurement 
accuracy  for  these  weaker  lines.  Such  an  analysis  procedure  can  only  be  realistically  accom¬ 
plished  using  several  iterations  with  a  HITRAN  calculation  in  the  interpretation  of  the  weaker 
features  appearing  in  these  spectra. 

Path-integral  molecular  concentration  values  were  obtained  using  the  following  proce¬ 
dures.  The  transmission  values  shown  in  Figs.  14  and  15  can  be  related  to  absorber  concen¬ 
trations  and  the  path  length  as  follows: 

T  =  exp  (-  ulKl  ucKc)  ,  (1) 


where  T  is  the  measured  transmission,  uL  and  u(,  are  the  absorber  amounts  corresponding 
to  line  and  continuum  absorptions,  respectively,  and  Kj  and  Kc  are  the  corresponding 
absorption  coefficients.  Equation  (1)  can  be  written  as 


In  T  -  -ulKj  -  ucKc  . 


Away  from  an  absorption  line  KL  =  0  and  the  "‘continuum  transmission,''  T  is  related 
to  the  product  ucKc  by 


-In  T  =  ucKc  . 


Equation  (1)  can  then  be  written  as 


In  (T  IT)  *  ulKl  . 


u,  =  7.34  X  102 


where  P  is  the  pressure  in  atm.,  L  is  the  path  length  in  cm,  and  0  is  the  temperature  in  K. 
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The  spectral  absorption  coefficient  for  a  single  Lorentz  absorption  line  (true  for 
atmospheric  pressures  above  0.1  atm.)  is  given  by 


Kl(v) 


7T 


Sot 


(6) 


where  S  is  the  line  strength  in  cm  1  per  molecule  cm”  2,  a.  is  the  collision-broadened  half¬ 
width  in  cm”,1  ,  v  is  the  wavenumber  in  cm”  1 ,  and  is  the  line  center  position  in  cm”  1 . 
At  line  center  when  c  =  Eq.  (6)  simplifies  to 


kl 


S_ 

7 ra  ■ 


(7) 


For  the  measurements  under  consideration  here,  L  in  Eq.  (5)  is  6.4  km  =  6.4  X  105 
cm,  and  an  average  representative  temperature  is  68°F  =  293  K.  Therefore  Eq.  (4)  can  be 
written  as 


ln(T‘/T)  =  7.7 32  X  1021 


(8) 


where  P  is  in  torr.  Equation  (8)  has  seen  corrected  for  the  WSMR  atmospheric  pressure  of 
660  torr. 

The  line  strength  values  for  HDO  listed  in  Refs.  5  and  6  incorporate  the  HD0/H20 
abundance  ratio  of  0.03%,  therefore,  the  partial  pressure  of  H20  corresponding  to  mea¬ 
surements  of  the  HDO  absorption  line-center  transmission  values  for  the  spectra  shown  in 
Figs.  14  and  15  is  given  by 


P( torr)  =  In(T'IT)  X  1.293  X  10  22 


(9) 


The  usual  specification  for  CH4  and  N20  concentrations  is  in  parts  per  million  (ppm) 
and  path-integral  concentrations  of  these  molecules  can  be  obtained  from  the  long-path 
WSMR  spectra  by  an  analogous  relationship  as  follows: 


N( ppm)  =  ln(T  IT)  X  1.959  X  10”  19  “  . 

S 


(10) 
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Equation  9  has  been  used  to  derive  path-integral  vaiues  for  H20  based  primarily  on 
measurements  of  several  strong,  well  isolated  HDO  lines  and  a  few  relatively  weak  H20 
absorption  lines.  Path-integral  values  for  CH4  and  N20  concentrations  have  been  obtained 
by  using  Eq.  10.  The  results  of  these  analyses  for  the  regions  of  the  three  spectra  shown 
in  Figures  14  and  15  are  contained  in  Table  5.  For  the  17  HDO  lines  measured,  average 
absolute  humidity  values  of  3.69  ±  0.25,  1.38  ±  0.088,  and  2.37  ±  0.154  torr,  respectively, 
were  obtained  for  spectra  ASL04RN,  ASL18RN,  and  ASL21RN.  These  values  are  to  be 
compared  to  those  obtained  from  the  meteorological  measurements  described  in  Section 
3.3  which  are  4.5.  2.0,  and  2.5  torr,  respectively.  The  infrared-derived  values  have  a  standard 
deviation  of  about  ±6%  of  the  average  value,  which  is  comparable  to  the  values  derived 
from  dew-point  hygrometer  measurements  which  are  usually  accurate  to  about  ±0.5°C, 
corresponding  also  to  ±6%  at  4  torr.  Considering  the  combined  measurement  uncertainty 
in  comparing  the  two  methods  of  absolute  humidity  measurement,  the  values  derived  from 
the  infrared  spectra  for  the  three  examples  considered  here  indicate  slightly  lower  values  for 
absolute  humidity  than  do  the  meteorological  measurements.  Not  much  significance  should 
be  attached  to  this  observation,  however,  in  light  of  the  assumed  HDO/H20  abundance  ratio 
used  in  deriving  the  infrared  absolute  humidity  results. 

Additional  spectral  analysis  in  other  regions  where  stronger  and  more  numerous  H20 
absorption  lines  exist  would  be  useful  in  experimentally  studying  the  HDO/H20  ratio  as 
well  as  in  comparing  path-integral  and  fixed-point  sampling  values  of  absolute  humidity. 

Because  only  three  relatively  weak  water  vapor  (161  isotope)  lines  can  be  identified 
in  the  spectral  region  analyzed,  the  relationship  of  the  absolute  humidity  values  obtained 
from  these  lines  (shown  in  Table  5(b))  to  those  obtained  from  the  HDO  line  analysis  (Table 
5(a)  can  be  considered  fortuitous.  In  comparisons  of  H20-line-derived  absolute  humidity 
values  with  those  derived  from  the  HDO  lines,  the  range  of  measured  values  overlaps  for 
each  of  the  three  spectra,  so  that  the  0.03%  HDO/H20  abundance  ratio  appears  correct  for 
these  comparisons,  subject  to  the  several  limitations  discussed  above. 

Path-integral  values  of  CH4  and  NzO  derived  from  the  same  three  spectra  are  listed  in 
Table  5(b).  The  CH4  values  vary  between  1.77  and  2.73  ppm,  which  is  somewhat  larger  than 
the  model  atmosphere  value  of  1.6  ppm.  An  independent  point-sampling  monitor  was  used 
to  measure  CH4  concentrations  at  the  ARKY  site.  It  yielded  a  value  of  1.38  ppb  [7]  for  the 
time  during  which  the  1.77  ppb  value  was  obtained  using  spectrum  ASL04RN. 

The  N20  values  are  greater  than  the  model  atmosphere  value  by  about  a  factor  of  10, 
which  is  unrealistically  high  and  undoubtedly  due  to  inaccuracies  caused  by  line  blending, 
etc.  The  qualifications  previously  stated  for  analyses  of  the  H20  line  data  apply  also  to 
analysis  of  the  spectra  of  these  molecules  as  well,  especially  for  N20,  since  only  two  very 
weak  relatively  isolated  lines  in  this  region  can  be  identified  near  2773  cm'  1  and  2779  cm”  1 
In  an  attempt  to  improve  the  NaO  measurements,  additional  analysis  of  spectrum 
ASL04RN  near  2500  cm"  1  was  carried  out  since  a  number  of  stronger  absorption  lines  for 
this  molecule  occur  in  this  spectral  region.  Figure  16  is  a  high  dispersion  trace  showing  sev¬ 
eral  of  these  lines  between  2538  cm~  1  and  2545  cm'  1 .  Table  6  contains  the  tabulated  data 
for  several  lines  in  this  NzO  band,  used  to  derive  a  value  for  the  path-integrated  concentra¬ 
tion  for  spectrum  ASL04RN.  Column  10  of  Table  6  lists  the  N20  concentration  values  in 
ppm  determined  from  a  measurement  of  each  of  the  lines  listed  in  the  table.  Based  on  this 


37 


Table  5  —  Path-Integral  Molecular  Absorber  Concentrations  (a)  HDO 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


CD 

o 

CM 

05 

ih 

© 

CO 

CM 

© 

© 

© 

© 

CO 

H 

© 

IH 

©  fc 

o 

_  -'v 

© 

CO 

rH 

O 

CD 

CO 

© 

CO 

© 

CM 

co 

CO 

CO 

CO 

CO 

CO 

d  o 

05 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

ff- 

tH 

05 

rf 

© 

CM 

05 

05 

© 

rH 

CM 

© 

rH 

© 

CO 

rH 

r- 

© 

00 

t* 

1 

CD 

05 

to 

3 

CM 

rH 

© 

CO 

CO 

© 

© 

© 

CM 

© 

05 

r- 

IH 

05 

C* 

r- 

r- 

© 

CO 

O 

CO 

•o* 

CO 

CO 

s*.  „ 

tO 

CM 

00 

CD 

h** 

05 

Tt 

CM 

© 

CM 

Tt 

r- 

CO 

IH 

t- 

© 

§ 

c* 

H 

T— 1 

o 

O 

O 

© 

© 

© 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

Z 

erf 

o 

O 

o 

o 

CO 

CO 

© 

© 

© 

© 

© 

C- 

C* 

© 

O 

t- 

© 

„ 

05 

00 

00 

00 

00 

00 

CO 

00 

co 

C- 

t- 

© 

© 

© 

C"» 

CM 

t*“ 

tH 

IH 

tH 

tH 

r- 

t- 

tr- 

C- 

C- 

tH 

IH 

IH 

O 

o 

o 

o 

o 

© 

© 

© 

© 

© 

o 

© 

© 

© 

© 

© 

< 

o 

tH 

© 

ID 

05 

r- 

CO 

© 

f— 

CM 

00 

© 

CM 

CD 

H 

CM 

05 

00 

00 

CO 

© 

r- 

rH 

co 

© 

co 

CM 

hi 

tH 

CM 

CO 

CO 

Ht 

CM 

© 

CM 

CM 

rH 

rH 

rH 

rH 

rH 

CM 

O 

o 

O 

o 

o 

© 

© 

o 

© 

© 

O 

© 

© 

© 

© 

© 

00 

CM 

tH 

O 

00 

CO 

rH 

© 

CM 

rH 

rH 

00 

© 

© 

CM 

QO 

© 

co 

CO  ^1 
CO  S 

o 

Ht 

Hf 

CO 

CO 

CM 

CO 

'it 

CO 

© 

'it 

CM 

CO 

© 

co 

CM 

CO 

co 

o  2 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

8 

05 

t— 

Vn  1  f" 

CD 

co 

CD 

CO 

LO 

rH 

© 

t— 

© 

© 

© 

© 

00 

IH 

IH 

© 

H 

tH 

05 

H 

O 

00 

© 

s 

© 

00 

© 

'It 

tH 

Tt 

CM 

CO 

CO 

i-H 

Tf* 

CD 

co 

CM 

© 

© 

CO 

rH 

© 

© 

't 

© 

rH 

05 

O 

rH 

CM 

00 

CO 

© 

© 

z: 

05 

00 

s 

CM 

© 

CD 

-S 

d 

rH 

o 

CD 

d 

trt 

d 

CM 

o 

00 

d 

rH 

© 

rH 

© 

© 

o’ 

CO 

o 

co 

© 

CM 

© 

CO 

© 

tH 

© 

rH 

© 

rH 

© 

© 

- 

tH 

t— 

to 

CD 

r- 

to 

tH 

© 

© 

CD 

© 

© 

© 

© 

© 

rr 

•J 

h< 

r- 

r- 

t- 

r- 

r» 

r- 

r- 

r- 

r— 

r- 

t— 

CO 

d 

O 

o 

o 

o 

O 

© 

© 

© 

© 

© 

© 

© 

o 

© 

© 

© 

00 

ID 

CO 

r- 

© 

© 

co 

© 

co 

CM 

CO 

© 

© 

s 

o 

Tf 

© 

'It 

o 

t- 

CM 

CO 

© 

^t 

co 

© 

CM 

© 

© 

hi 

CO 

Ht 

CO 

Tj- 

to 

tD 

© 

© 

CO 

CO 

co 

CM 

CO 

CM 

CM 

•t 

© 

o 

o 

o 

o 

o 

O 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

i  o 

© 

TJ1 

© 

oo 

lO 

l'- 

co 

© 

CO 

oo 

CM 

© 

© 

© 

■o* 

I© 

©  fc 

•H- 

00 

00 

00 

t- 

© 

o 

t- 

© 

© 

© 

■t 

© 

© 

CM 

rH 

IH 

© 

«  o 

05 

Cj 

CO 

CO 

CO 

CO 

CO 

"t 

CO 

CO 

CO 

CO 

co 

CO 

CO 

co 

CO 

CO 

|co 

?r 

CM 

© 

© 

4 

t-i 

£_|  fr- 

05 

t— 

CD 

CD 

CD 

co 

CO 

co 

CO 

CO 

CO 

Ht 

© 

© 

Ht 

> 

rH 

00 

r- 

tO 

CM 

o 

rr 

CO 

rH 

CO 

rH 

CO 

© 

CO 

© 

© 

IO 

o 

CM 

00 

CO 

o 

IH 

CO 

© 

Tt 

© 

CO 

© 

© 

< 

z 

s 

.C 

CM 

rH 

f-H 

rH 

rH 

d 

rH 

© 

O 

rH 

rH 

rH 

cm’ 

r-< 

cm’ 

CM 

rH 

05 

o 

CO 

CD 

CM 

CM 

CM 

CM 

O 

o 

o 

CM 

© 

© 

© 

O 

© 

© 

© 

© 

© 

_ 

CO 

CO 

co 

CO 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

co 

CO 

CM 

CM 

CM 

co 

o 

hi 

00 

00 

00 

00 

00 

00 

00 

00 

CO 

CD 

CO 

00 

CO 

CO 

CO 

CO 

IH 

co 

d 

o 

o 

O 

o 

o 

o 

© 

O 

© 

© 

o 

© 

© 

© 

© 

© 

< 

CO 

CM 

o 

rH 

o 

o 

© 

© 

CO 

© 

© 

© 

rH 

© 

© 

© 

o 

CO 

co 

CM 

o 

05 

© 

rH 

© 

'It 

CM 

© 

CO 

rH 

© 

co 

hi 

rH 

CM 

rH 

CM 

CO 

co 

CM 

•<* 

© 

rH 

rH 

rH 

o 

rH 

rH 

rH 

rH 

d 

O 

O 

O 

o 

o 

© 

d 

o 

© 

d 

© 

© 

© 

© 

© 

© 

CO 

co 

CO 

CO 

co 

CO 

CO 

CO 

CO 

co 

CO 

CO 

CO 

co 

CO 

CO 

O 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

E 

u 

« 

w 

W 

w 

w 

U 

u 

u 

u 

u 

u 

u 

u 

u 

U) 

u 

"S^g 

o 

05 

00 

05 

CO 

o 

© 

© 

CO 

rH 

© 

't 

CO 

CO 

© 

CM 

o 

eo 

00 

CO 

CD 

00 

r- 

© 

00 

CO 

CM 

© 

CO 

© 

© 

r- 

rH 

CM 

rH 

rH 

CM 

CO 

rH 

co 

© 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

d 

© 

o 

o 

d 

o 

© 

© 

o 

© 

© 

© 

© 

© 

d 

d 

© 

CO 
a t 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CD 

CD 

CD 

CD 

CD 

CD 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

a» 

a 

CO 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

•H 

rH 

rH 

rH 

rH 

rH 

O 

© 

o 

tO 

© 

o 

© 

00 

© 

© 

© 

© 

© 

© 

© 

© 

© 

c- 

r- 

r- 

rH 

rH 

CM 

rH 

00 

© 

CM 

© 

© 

CM 

CM 

CM 

© 

CM 

n  CQ 

d 

05 

CM 

© 

00 

CD 

© 

© 

© 

rH 

CO 

**t 

C'-’ 

r~ 

© 

© 

1° 

00 

00 

05 

05 

o 

rH 

CM 

CO 

CO 

© 

© 

© 

© 

r- 

l — 

I— 

© 

CD 

CD 

CD 

t— 

t'- 

t"- 

t'- 

t— 

t— 

r- 

t^- 

H 

H 

t— 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

O 

vi  i—3 

05 

© 

O 

00 

05 

rH 

rH 

CO 

CM 

CM 

© 

rH 

r- 

© 

rH 

© 

^t 

© 

00 

to 

o 

r- 

t- 

© 

CM 

© 

rji 

•H* 

© 

© 

© 

© 

© 

£  < 

r- 

t— 

CM 

rH 

CM 

rH 

© 

© 

CO 

© 

© 

CM 

CM 

CO 

© 

CM 

a!  ° 

d 

05 

CM 

lO 

CO 

CD 

© 

© 

CO 

rH 

CO 

Tt 

CM 

© 

© 

00 

00 

05 

05 

o 

rH 

CM 

CO 

CO 

© 

© 

© 

© 

r- 

t- 

H 

© 

CD 

CO 

CD 

CD 

t"- 

H- 

r- 

t"* 

t- 

r- 

c— 

r- 

H 

H 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

© 

H 

u. 


SZ 

o  O 

ns  X 
>-  — 
5  C 
«  O 
u  X 
c  ■_ 
0  3 

a  g 


-*  .c 

-  ns 

a 

g  § 

»  => 

s_  cn 

£  C 


£  5. 


=  s 


c  I 

Q  -2 


S.i  = 
•- 1  w 


38 


*-  •  •  •-?  -  - 


Table  5- 


NRL  REPORT  8446 


z 

S3 

Tf 

O 

h4 

CO 

< 

c 

o 


c 

<v 

o 

c 

o 

o 

O 

<M 

3 

& 

<D 


ctf 

Om 


CO 

3 


CM 

CO 

© 

rH 

© 

co 

X 

o 

©  X 

rH  05 

CO 

CM 

© 

rH 

© 

co 

X 

CM 

© 

© 

© 

CM 

X 

Tf 

g 

© 

05 

o 

X 

X 

to 

r- 

© 

C"- 

05 

X 

© 

CO 

© 

CM 

o 

t- 

I> 

© 

© 

© 

X 

5 

CM 

^  & 

CO 

CM 

CM 

rH 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

co 

CO 

co 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

© 

6 

o 

© 

© 

© 

o 

© 

© 

©  © 

© 

o  o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

rH 

+1 

S' 

a> 

8P 

3 

rH 

?H 

© 

© 

© 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

rH 

© 

© 

© 

© 

© 

© 

© 

© 

a> 

V 

CM 

W 

CM 

CM 

CM 

w 

CM 

CM 

W 

CM 

CM 

W 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

U 

CM 

u 

CM 

CM 

CM 

CM 

CM 

> 

tt 

co  3 

^  a 

w 

w 

w 

w 

W 

w 

w 

w 

M 

M 

M 

u 

u 

w 

u 

w 

u 

u 

u 

< 

© 

CO 

r- 

© 

© 

Tf 

CM 

© 

rH 

CM 

CO 

Tf 

© 

CM 

r> 

o 

CM 

© 

© 

X 

Tf 

© 

o  ,E 

rH 

O 

05 

o 

© 

X 

© 

co 

CM 

© 

© 

© 

CM 

© 

© 

rH 

© 

CM 

© 

X 

© 

Tf 

Tf 

X 

CM 

CM 

c 

T—t 

rH 

© 

Tf 

© 

Tf 

Tf 

Tf 

Tf 

Tf 

co 

CO 

© 

X 

rH 

© 

CO 

CO 

co 

CO 

Tf 

© 

© 

o 

o 

© 

o 

o 

o 

© 

o 

o 

© 

© 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

O 

d 

o 

© 

© 

© 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

d 

© 

© 

© 

© 

© 

© 

© 

© 

CM 

Tf 

© 

© 

Tf 

05 

rH 

CM 

CM 

rH 

©  © 

o 

rH 

© 

co 

X 

© 

'Tf 

X 

Tf4 

Tf 

til  El 

CO 

m 

X 

© 

to 

Tf 

Tf 

CO 

X 

CM 

© 

CM 

© 

CM 

© 

CM 

© 

© 

© 

05 

C"* 

lO 

Tf 

05 

CM 

© 

t> 

o 

© 

CO 

© 

l> 

© 

CM 

©  CM 

© 

X 

rH 

Tt4 

© 

X 

© 

X 

r- 

© 

V  v 

rH 

rH 

rH 

CM 

CM 

CM 

co 

co 

CO 

co 

CO 

co 

CO 

CM 

CM 

CM 

rH 

CM 

CO 

CO 

CO 

CO 

co 

CM 

CM 

c 

•n* 

o 

o 

© 

O 

© 

o 

© 

© 

© 

© 

d 

© 

© 

© 

© 

o 

d 

© 

© 

© 

© 

© 

© 

© 

© 

— 

m 

m 

© 

r- 

tr- 

X  © 

© 

© 

© 

rH 

© 

X 

© 

CO 

Tt4 

^J4 

X 

© 

Tf 

rH 

t> 

o 

r> 

X 

X 

X 

X  X 

© 

© 

05 

© 

© 

X 

X 

X 

X 

X 

t> 

s  £ 

o 

o 

© 

© 

© 

o  o 

© 

© 

© 

© 

© 

© 

© 

o 

© 

© 

© 

© 

© 

© 

© 

o 

© 

© 

o 

d 

© 

© 

© 

© 

o 

© 

© 

© 

© 

o  o  o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

a> 

3 

o 

a>  — 

rH 

rH 

o 

o 

© 

o 

o 

© 

© 

© 

o 

o 

© 

© 

© 

o 

rH 

© 

o 

© 

a 

© 

© 

© 

© 

o  w 

CM 

<N 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

N 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

^  -t  B 

w 

U 

w 

w 

w 

w 

w 

w 

w  w 

w 

w  w 

u 

w 

u 

W 

u 

u 

Cd 

u 

w 

u 

w 

u 

o 

X 

05 

o 

o 

rH 

rH 

rH 

© 

05 

© 

X 

© 

CO 

© 

© 

© 

© 

© 

X 

05 

X 

m 

CM 

O 

05 

Tf 

to 

r- 

X 

05  05 

o 

r-t  O 

00 

CO 

rH 

CO 

X 

rH 

CM 

co 

-f 

X 

© 

Tf 

(cm 

to 

l> 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

CM 

CM 

rH 

rH 

rH 

© 

rH 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

* 

<fl 

.£ 

CO 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

1 

CO 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf4 

Tt4 

rf 

H4 

Tf4 

Tf 

TT 

H4 

Tf 

Tf 

H4 

Tf 

tt 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf4 

TT 

Tf 

rf 

Tf 

Tt4 

Tf 

Tf 

Tf 

Tf 

m 

X 

X 

X 

X 

X 

X 

CO 

CM 

© 

© 

© 

© 

o 

i> 

X 

o 

© 

© 

© 

© 

© 

© 

CM 

- 

05 

© 

© 

© 

© 

05 

© 

© 

© 

05  05 

o 

© 

o 

© 

© 

rH 

© 

X 

X 

X 

© 

© 

© 

© 

&h 

t— 

t— 

o 

t- 

r- 

X  X 

X 

X 

X 

X 

X 

X 

X 

o 

o 

© 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

o 

o 

© 

© 

CM 

© 

© 

© 

rH 

X 

© 

r— 

© 

© 

© 

© 

© 

CM 

© 

© 

© 

CO 

© 

© 

CO 

rH 

o 

X 

X 

© 

© 

Tf 

© 

t> 

© 

rr 

© 

© 

© 

Tf 

CO 

CO 

X 

© 

CM 

co 

© 

© 

to 

© 

to 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

o 

© 

© 

6 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

m 

© 

© 

CM 

© 

© 

© 

CM 

CM 

Tt4 

© 

© 

•o4 

r- 

© 

© 

© 

© 

© 

o 

X 

X 

© 

X 

o 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

X 

-? 

rH 

© 

X 

CO 

© 

X 

CO 

© 

© 

X 

© 

ion 

OB 

cm" 

05 

rH 

© 

© 

X 

© 

rH 

CM 

CO 

tt 

© 

rH 

co 

© 

X 

05 

d 

CM 

CM 

© 

X 

X 

CM 

X 

X 

CO 

CO 

Tf 

Tf 

Tf 

Tf 

Tf 

© 

© 

© 

© 

© 

© 

© 

r- 

r- 

Tf 

r- 

X 

X 

in 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

H 

’55 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

o 

cu 

tO 

rH 

to 

X 

CO 

CM 

CM 

© 

rH 

© 

CO 

© 

H4 

rH 

CO 

X 

© 

© 

© 

© 

CM 

© 

© 

X 

<X)  ^ 

© 

© 

© 

Tf 

to 

© 

© 

Tf 

CM 

© 

rH 

rt4 

© 

rH 

X 

rr 

CM 

© 

© 

© 

© 

© 

X 

X 

.5  «J7 

o 

© 

CM 

CM 

CO 

co 

co 

co 

CO 

CO 

CM 

05 

r- 

© 

CM 

© 

© 

ref 

rH 

X 

CO 

© 

© 

X 

© 

J  <  S 

6 

rH 

© 

© 

ad 

© 

rH 

CM 

CO 

Tf 

© 

rH 

co 

© 

X 

05 

05 

r- 

CM 

CM 

Tf 

© 

X 

Tf 

o  S 

CO 

CO 

CO 

CO 

co 

Tf 

Tf 

Tf 

Tf 

Tf 

Tf 

© 

© 

© 

© 

© 

© 

© 

r— 

X 

X 

m 

m 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

41 


DOWLING,  HANLEY,  CURCIO,  GOTT,  AND  WOYTKO 


analysis,  an  average  value  of  0.278  ±  0.034  ppm  is  obtained,  which  is  in  excellent  agreement 
with  the  model  atmosphere  value  of  0.28  ppm  [5] . 


3.3  Micrometeorological  Measurements 

The  on-site  meteorological  measurements  usually  performed  by  NRL  as  an  integral  part 
of  a  long-path  transmission  experiment  were  not  performed  during  the  measurements  cov¬ 
ered  by  this  report  since  an  existing  and  continuing  atmospheric  characterization  program 
was  already  being  carried  out  by  ASL  near  the  optical  propagation  experiment. 

Intensive  meteorological  measurements  in  the  vicinity  of  the  ARKY  hill  site  were 
performed  by  the  ASL  during  part  of  the  long-path  transmission  measurement  times  listed 
in  Table  1  (Section  3.1).  Complete  results  of  these  measurements  are  contained  in  Ref.  8. 
During  the  optical  measurements  performed  on  12, 16, 17,  and  18  March,  the  ASL  mea¬ 
surement  system  was  not  in  operation  and  meteorological  data  acquired  at  two  other  sites 
were  used  to  obtain  air  temperature,  barometric  pressure  and  absolute  humidity  values  for 
use  in  the  molecular  absorption  calculations  described  in  Section  4.  Each  of  the  two  alter¬ 
nate  meteorological  monitoring  stations  were  approximately  30  km  distant  from  the  ARKY 
hill  site,  one  located  at  Holloman  AFB,  the  other  at  WSMR  Building  21610.  Figure  17 
shows  the  relative  locations  of  the  Holloman  AFB  station,  the  ARKY  hill  site,  and  the 
WSMR  Bldg.  21610  station  and  their  relation  to  the  optical  transmission  path. 


Fig  17  Plan  view  of  area  surrounding  the  measurement  sites  showing  the  location  of  the 
Holloman  AFB.  ARKY,  and  WSMR  Building  21610  meteorological  measurement  sites 
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Table  7  summarizes  the  pertinent  measurements  obtained  at  each  of  the  three  mete¬ 
orological  monitoring  stations  together  with  values  derived  from  the  primary  measurements. 
The  derived  values  are  shown  in  italics  in  the  table. 

The  WSMR  Building  21610  site  elevation  is  slightly  lower  than  the  ARKY  site  and  op¬ 
tical  path,  the  former  being  1186-m  (3925-ft.)  while  the  optical  transmitter  site  at  ARKY 
hill  was  situated  at  1208-m  (3965-ft.)  elevation.  The  Holloman  AFB  site  is  located  at  1246  m 
(4090  ft.)  For  cases  where  data  were  available  concurrently  from  all  three  stations,  the 
ARKY  site  readings  are  reasonably  close  to  the  Holloman  station  readings  and  to  the  Build¬ 
ing  21610  values.  The  values  for  partial  pressure  of  water  vapor  shown  in  Table  7  for  the 
measurement  times  outside  the  ASL-ARKY  site  data  base  were  derived  by  interpolating  be¬ 
tween  the  values  measured  at  the  other  two  sites.  The  absolute  humidity  values  measured  at 
ARKY  are  10-30%  lower  than  those  recorded  at  Holloman.  The  influence  of  elevation  on 
the  micrometeorology  of  the  local  desert  environment  does  not  appear  to  be  very  large,  as 
demonstrated  by  the  data  shown  in  Table  7.  Although  the  WSMR  absolute  humidity  values 
appear  consistently  lower  than  the  ARKY  or  Holloman  readings,  they  are  usually  not 
enough  so  to  be  significant,  considering  the  measurement  uncertainty  of  the  dew-point  mea¬ 
surement  apparatus.  The  importance  of  continuous  on-site  meteorological  monitoring 
during  optical  propagation  tests  in  the  WSMR  environment  is  evident  from  an  inspection  of 
the  data  in  Table  7,  especially  for  situations  where  maximum  accuracy  in  modeling  com¬ 
parisons  to  the  measured  data  is  required. 


3.4  Visibility  Measurements 

Visibility  was  determined  by  the  contrast  method  developed  by  Koschmieder  [  9-1 1  ] . 
Here  visibility  is  defined  as  the  distance  from  an  object  which  produces  a  threshold  contrast 
between  the  object  and  the  background.  In  these  experiments  the  target  was  shadowed 
mountainside  (Elephant  Mountain)  33  km  away  and  the  background  was  the  sky  immedi¬ 
ately  above  the  mountain. 

The  contrast  formula  is 


BX  '  BH  y 

- =e  =  Ty  (contrast  transmittance) 


where  Bx  and  BH  are  the  radiances  of  the  cone  of  air  in  front  of  the  target  at  distance  A’ 
and  the  horizon,  respectively.  The  attenuation  coefficient  a  in  the  visible  region  can  gen¬ 
erally  be  attributed  to  aerosol  scattering.  However,  in  high  visibility  conditions  the  molec¬ 
ular  component  is  a  significant  factor  and  must  be  considered  in  determinations  of  aerosol 
effects. 

For  visibility  determination  we  define  7  as  the  threshold  contrast  where  the  target  is 
minimally  visible  and  R  as  the  range  at  that  contrast.  For  our  work  we  let  7  =  0.02  at  a 
wavelength  of  0.55  pm  so  that 
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or  visibility  =  3.92 /a.  An  optical  pyrometer  is  a  convenient  instrument  to  use  for  the  deter¬ 
mination  of  Br  and  BH.  Using  a  programmable  hand  calculator,  a  visibility  observation  can 
be  made  in  about  one  minute.  Table  8  summarizes  the  visibility  measurements  made  during 
the  experiment.  Visibility  measurements  taken  at  times  close  to  the  laser  extinction  measure 
ment  times  are  included  in  Table  7  along  with  other  pertinent  meteorological  data. 


4.  COMPARISON  OF  MEASURED  AND  CALCULATED  TRANSMISSION  VALUES 

Extinction  coefficients  corresponding  to  each  laser  transmission  measurement  value  are 
tabulated  in  Table  1,  column  6.  The  next  three  columns  of  the  table  contain  values  for  air 
temperature,  barometric  pressure,  and  partial  pressure  of  water  vapor,  respectively,  corre¬ 
sponding  to  each  of  the  laser  extinction  measurement  times.  The  meteorological  parameters 
listed  were  derived  from  several  sources  as  discussed  in  section  3.3. 

Molecular  absorption  coefficient  calculations  based  on  the  meteorological  data  in 
Table  1  were  performed  for  comparison  with  measured  extinction  coefficients  and  are  listed 
in  Column  10  of  the  table.  The  last  column  contains  the  differences  between  the  measured 
extinction  coefficients  and  the  calculated  molecular  absorption  (CM A)  values,  that  is. 
Column  6  minus  Column  10  in  Table  1. 

Generally  the  difference  values  are  quite  small,  indicating  in  most  cases  negligible  con¬ 
tribution  to  transmission  loss  from  aerosol  scattering.  For  the  majority  of  the  data  presented 
in  Table  1,  transmission  values  exceeded  80%  and  in  many  cases  were  greater  than  90%  for 
the  6.4-km  path.  The  extinction  coefficient  a  (km*  1 )  is  related  to  transmission  T  by  Beer's 
law: 


In  T  =  a* ,  or  a  = 


In  T 
7  ' 


(ID 


where  7.  is  the  path  length  in  km.  Since 


1  AT 

da  =  ,  (12) 

7  T 


the  relative  uncertainty  in  a  given  by  da/a  resulting  from  the  relative  uncertainty  in  7’, 
dT/T,  can  be  written  as 


da 

a 


1  dT 
In  T  T 


(13) 
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Table  8  —  Visibility  Measurements 


Date  and  Time 

Transmission 

a 

Visibility 

Normalized 

for  33  km 

(km  ') 

(km) 

FT  Spectra 

March  5  1000 

0.36 

1230 

0.34 

1300 

0.35 

H 

1600 

0.36 

March  6  0830 

0.43 

0.025 

1230 

0.46 

168 

1600 

0.40 

142 

March  7  0830 

0.43 

0.026 

152 

1200 

0.40 

143 

March  8  1000 

0.33 

118 

1400 

0.33 

116 

1545 

0.36 

126 

1645 

0.32 

114 

March  12  1520 

0.39 

0.029 

137 

1730 

0.37 

130 

March  13  0930 

0.32 

112 

1040 

0.33 

117 

1210 

0.31 

109 

1330 

0.34 

118 

1430 

0.34 

120 

1605 

0.36 

126 

1800 

0.45 

161 

March  14  0930 

0.21 

0.047 

84 

1000 

0.16 

■w;  Ml 

70 

1230 

0.29 

106 

1500 

0.32 

113 

1600 

1630 

1730 

0.27 

0.27 

0.32 

JB3E ;  Wm 

99 

\  ASL04RN 

114 

(  ASL06RN 

March  15  0630 

0.30 

108 

1500 

0.24 

0.042 

92 

1525 

0.26 

0.040 

97 

1615 

0.27 

0.040 

99 

1700 

0.32 

0.034 

115 

1735 

0.25 

0.041 

94 

March  16  1150 

0.30 

0.037 

106 

1320 

0.32 

0.034 

114 

1500 

0.29 

0.037 

105 

1630 

0.33 

0.034 

116 

\  ASL13RN 

1715 

0.46 

0.023 

i  At)L  1  iltIN 

1800 
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Thus,  the  relative  uncertainty  in  a  equals  that  in  T  only  when  T  is  0.367;  for  larger 
values  of  T,  a  larger  relative  uncertainty  in  a  results  from  a  given  uncertainty  in  trans  - 
mission,  approaching  a  factor  of  20  times  larger  when  T  =  0.95. 

For  the  range  of  transmission  values  listed  in  Table  1,  the  anticipated  ±3%  uncer¬ 
tainty  in  T  translates  into  a  range  of  ±9%  to  ±59%  uncertainty  in  a.  The  necessity  for  using 
a  measurement  path  at  least  as  long  as  the  6.4-km  path  used  here  to  obtain  a  useful  measure 
of  absorption  for  the  highly  transmitting  DF  laser  lines  is  emphasized  by  these  considera¬ 
tions. 

Figures  18-20  are  graphic  presentations  of  the  difference  values,  Column  11  of  Table  1. 
The  plots  generally  lie  between  0  and  0.02  km" 1 ,  indicating  low  aerosol  scattering.  The 
small  negative  values  apparent  for  some  cases  are  not  highly  significant  in  light  of  the  very 
high  transmission  values  and  correspondingly  large  uncertainties  in  a.  The  anticipated  ±3% 
transmission  uncertainty  as  manifest  in  the  corresponding  uncertainty  in  a  is  indicated  on 
the  plots  of  difference  values  in  these  figures.  In  three  cases,  namely  9,  15,  and  18  March, 
there  is  an  indication  that  the  molecular  absorption  calculations  used  may  be  erroneously 
large  due  to  too  large  a  value  of  water  vapor  pressure  being  used  in  the  calculation.  However 
the  observed  small  negative  difference  values  are  not  very  significant  when  compared  to  the 
uncertainty  ranges  shown  in  the  figures. 
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Fig.  18  — Measured  extinction  coefficient  (a)  minus  calculated  molecular  absorption  (CMA)  vs 
wavenumber  for  8,  9.  and  1  2  March  1  979 
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Fig.  19  — Measured  extinction  coefficient  (a)  minus  calculated  molecular  absorption  (CMA)  vs 
wavenumber  for  13,  14,  and  15  March  1979 


It  is  anticipated  that  the  difference  curves  shown  in  Figs.  18-20  should  be  independent 
of  wavenumber  to  within  the  precision  of  the  measured  values.  Any  nonmolecular  attenua¬ 
tion  component,  i.e.,  aerosol  extinction,  is  expected  to  be  frequency  independent  over  the 
spectral  interval  shown  in  the  figures.  For  most  of  the  runs  shown  however,  there  is  a  weak 
trend  of  decreasing  difference  values,  (a  -  CMA)  with  increasing  i>,  which  exceeds  the  un¬ 
certainty  ranges  shown.  The  most  likely  explanation  for  this  effect  is  that  the  CMA  values 
are  systematically  too  large  for  increasing  wavenumbers. 

The  water  vapor  continuum  absorption  model  of  Watkins  and  White  1 12]  was  used  in 
the  HITRAN  (5)  calculation  procedure  to  obtain  the  CMA  values  shown  in  Table  1.  Earlier 
comparisons  (13]  indicated  that  the  magnitude  of  the  Watkins  and  White  continuum  ab¬ 
sorption  model  was  generally  in  agreement  with  values  derived  from  long-path  FTS  data  for 
5-km  coastal  paths  and  12-torr  partial  pressure  of  water  vapor,  but  that  higher  absorption 
than  measured  was  predicted  for  increasing  wavenumbers  between  2600  and  2800  cm” 1 , 
especially  for  larger  values  of  absolute  humidity  ('v-lb  torr).  While  the  humidity  range 
encountered  in  the  present  experiment  is  much  lower  (only  2-  to  5-torr  partial  pressure  of 
water  vapor),  the  same  trend  is  observed  as  in  the  earlier  comparisons.  Recently,  additional 
measurements  (14]  similar  to  those  reported  here  were  performed  over  a  4.07-km  path  at 
San  Nicolas  Island,  California;  analysis  of  data  from  this  experiment  is  in  agreement  with 
and  extends  the  trends  observed  in  the  results  of  the  present  experiment  to  conditions  of 
higher  humidity. 
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Fig.  20 -  Measured  extinction  coefficient  (a)  minus  calculated  molecular  absorption  (C’MA)  vs 
wavenumber  for  16,  17,  and  1 8  March  1  979 


There  is  an  indication  in  several  of  the  plots  shown  in  Figs.  18-20  that  the  difference 
values  obtained  for  the  P2-10  line  at  2580.096  cm”  1  are  abnormally  large  over  and  above 
the  trend  manifested  by  the  remainder  of  the  data  points.  It  has  been  pointed  out  in  Section 
3.2.1  that  this  laser  line  is  located  on  the  shoulder  of  an  atmospheric  N.,0  absorption  line. 
The  near-coincidence  of  line  centers  renders  a  transmission  measurement  on  this  line  particu¬ 
larly  sensitive  to  small  changes  in  the  DF  laser  output  frequency  which  may  occur  due  to 
longitudinal  mode  shifting  within  the  laser  source.  The  unstabilized  laser  source  has  a  1-m 
optical  cavity  length,  giving  a  longitudinal  mode  spacing  of  1.5  MHz  or  about  5  X  10'  3 
cm'  1 .  A  shift  in  laser  output  frequency  corresponding  to  a  shift  in  one  or  two  longitudinal 
modes  within  the  laser  cavity  could  be  reflected  in  a  sizeable  change  in  measured  transmis¬ 
sion  for  the  P2-10  line.  Earlier  transmission  measurements  on  this  line  have  also  shown  large 
amounts  of  scatter  in  the  data  (1,4] . 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  of  the  experiment  described  in  this  report  have  shown  very  low  aerosol 
extinction  at  visible  wavelengths  at  the  WSMR  site.  Visibilities  measured  with  a  telepyrom¬ 
eter  technique  ranged  from  an  isolated  "low”  value  of  33  km  to  a  typical  average  value  of 
110  to  120  km  with  a  few  high  values  exceeding  150  km. 
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The  analysis  and  comparisons  contained  in  Sections  3.1  and  4  show  that  aerosol  con¬ 
tributions  to  total  measured  extinction  at  DF  wavelengths  are  typically  no  larger  than 
'V0.015  km'  1 ,  which  is  representative  of  the  WSMR  location  during  the  late  afternoon 
hours  when  these  measurements  were  made.  The  average  range  of  measured  visible  extinc¬ 
tion  coefficients  tabulated  in  Table  8  varies  between  '-0.025  km'  1  and  about  0.04  km  1 , 
which  is  in  the  anticipated  relationship  to  the  infrared  values  for  the  continental  aerosol  ex¬ 
pected  in  the  inland  desert. 

The  set  of  measurements  taken  on  15  March  appears  to  be  somewhat  inconsistent  with 
the  remaining  data.  The  absolute  humidity  of  4.9  g/m3  recorded  on  that  day  was  the  largest 
in  the  experiment,  while  the  measured  transmission  for  the  P2-8  DF  laser  line  was  95%.  the 
second  highest  value  observed.  Data  for  the  remaining  days  show  a  consistent  pattern  of  82 
to  96%  measured  transmission  for  the  P2-8  line  for  relatively  small  amounts  of  water  vapor 
between  2  and  5  g/m3.  When  CMA  values  are  subtracted  from  the  corresponding  total 
extinction  coefficients,  small  apparent  aerosol  extinction  (AAE)  values  between  0  and 
0.018  km'  1  are  obtained  which  are  quite  reasonable. 

The  -0.012  km'  1  AAE  value  for  15  March,  although  unrealistic,  is  nevertheless  a  small 
number  in  absolute  value  and  not  substantially  larger  than  the  anticipated  experimental  un¬ 
certainty.  Transmission  measured  for  the  P2-8  line  on  17  March  (76%)  yielded  the  largest 
extinction  coefficient  observed  for  this  line:  0.042  km  1  (average  of  three  readings).  When 
corrected  for  molecular  absorption  an  average  AAE  value  of  0.033  km  1  is  obtained,  which 
is  about  twice  the  value  for  the  remaining  measurements  on  all  other  days.  Visibility  re¬ 
corded  on  this  day  was  substantially  lower  than  during  the  remainder  of  the  experiment, 
being  only  46  km  as  opposed  to  the  very  high  visibilities  of  100  to  170  km  measured  other¬ 
wise.  An  inspection  of  Table  7  shows  moderate  to  high  wind  speeds  moving  from  SE  to  SW 
at  the  ARKY  site  for  several  days  prior  to  17  March  and  the  highest  value  of  9.3  m/s  from 
the  west  recorded  by  the  WSMR  building  21610  site  on  that  day.  The  reduced  visibility  and 
greater  aerosol  extinction  at  3.8  pm  are  a  direct  consequence  of  these  high  wind  conditions. 

The  P2-10  DF  laser  line  consistently  showed  the  largest  absorption  of  any  lin  >;  mea¬ 
sured,  with  extinction  coefficients  averaging  about  0.060-0.070  km  1 .  Absorption  by 
atmospheric  NaO  is  primarily  responsible  for  this  attenuation,  along  with  a  secondary 
absorption  component  due  to  water  vapor  (see  discussion  in  Section  3.2).  Again  the  data 
from  15  March  show  high  transmission  for  the  high  value  of  water  vapor,  although  the 
measurement  for  this  line  with  an  AAE  value  of  0.005  km'  1  is  more  reasonable  than  the 
relatively  large  negative  values  obtained  for  the  other  lines.  The  AAE  contribution  of 
0.037  km'  1  on  17  March  for  the  P2-10  is  consistent  with  the  larger  aerosol  scattering  values 
seen  for  the  other  lines  on  that  day. 

The  measurements  described  in  Section  3.2  of  this  report  demonstrate  that  very  good 
absolute  transmission  calibrations  of  the  high  resolution  FTS  data  are  achievable  with 
residual  average  transmission  scale  offsets  well  below  1%  absolute  transmission  and  with  a 
“fitting  error”  or  standard  deviation  usually  less  than  0.02  for  all  but  a  few  “noisy"  exam¬ 
ples  of  the  spectra. 

The  limited  analysis  of  a  few  examples  of  the  calibrated  FTS  spectra  which  is  presented 
in  Section  3.2  points  out  the  great  wealth  of  information  contained  within  these  data  and 
the  fundamental  role  they  can  play  in  a  detailed  characterization  of  atmospheric  compoMtion 
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and  infrared  properties  in  the  WSMR  environment.  Determinations  of  path  average  values  of 
HDO  and  H20  are  shown  to  be  consistent  with  local  dew-point  hygrometer  measurements 
of  absolute  humidity  for  the  cases  examined.  Spectroscopically  derived  values  for  N20  and 
CH4  concentrations  agree  well  with  accepted  model  atmosphere  values,  but  only  a  very 
limited  analysis  has  been  possible  within  the  scope  of  the  effort  covered  by  this  report. 
Routine  collection  and  utilization  of  high  resolution  FTS  data  based  on  the  procedures  and 
techniques  described  in  this  report  is  highly  recommended  to  continuously  and  fully  charac¬ 
terize  the  infrared  environment  at  WSMR  in  support  of  future  infrared  systems  tests. 

The  comparisons  presented  in  Section  4  indicate  a  weak  trend  in  the  data  showing  that 
molecular  absorption  calculations  done  with  the  Watkins  and  White  water  vapor  continuum 
absorption  model  predict  too  large  an  increase  in  absorption  with  increasing  wavenumber 
between  2600  and  2800  cm"  1 .  However  the  weak  trends  indicated  are  not  highly  significant 
when  compared  to  the  range  of  experimental  uncertainties  in  the  measured  extinction  coef¬ 
ficients  for  the  low-aerosol-scattering,  low-water-vapor  conditions  in  this  experiment. 

In  summary,  the  measurements  described  in  this  report  provide  a  representative  sam¬ 
pling  of  atmospheric  transmission  at  DF  laser  wavelengths  for  the  WSMR  location  during  the 
low-humidity,  high-visibility  conditions  encountered  in  the  spring  season  at  that  location. 
Earlier  experiments  of  a  similar  nature  were  performed  during  midsummer  1978  (see  Ref.  1) 
during  somewhat  more  humid  conditions  (at  least  for  the  WSMR  location).  Absolute  humid¬ 
ities  in  that  experiment  ranged  between  4  and  14  g/m3  H20,  but  measured  extinction  coef¬ 
ficients  were  not  significantly  different  from  those  observed  during  this  experiment.  In  the 
earlier  experiment  AAE  values  of  'V  +0.005  km"  1  were  consistently  observed,  with  visibili¬ 
ties  always  greater  than  120  km. 

Transmission  measurements  during  the  March  1979  experiment  extended  over  twice  as 
many  days  as  in  the  earlier  experiment;  however,  in  each  case  only  a  limited  sampling  of 
conditions  was  possible  within  experimental  and  programmatic  constraints.  Nevertheless,  a 
reasonably  valid  comparison  of  atmospheric  propagation  characteristics  at  the  WSMR 
location  for  the  two  seasons  of  the  year  has  been  obtained  in  these  experiments.  During  the 
days  in  the  August  1978  experiment  when  long-path  transmission  data  were  taken,  wind 
conditions  were  consistently  moderate  between  1.2  and  4.5  m/s.  The  higher  humidity  and 
generally  wetter  conditions  at  that  time  resulted  in  lower  airborne  particulate  extinction  at 
infrared  wavelengths  than  in  the  Spring  1979  experiment.  Increased  molecular  absorption  at 
DF  laser  frequencies  due  to  the  higher  atmospheric  water  vapor  together  with  lower  aerosol 
scattering  in  August  1978  resulted  in  about  equivalent  transmission  loss  in  each  experiment. 
In  the  August  1978  experiment,  contributions  due  to  aerosol  scattering  were  very  low,  con¬ 
sistently  less  than  0.005  km"  1 ,  while  they  were  about  three  times  this  value  during  March 
1979.  During  the  later  experiment,  molecular  absorption  at  the  P2-8  DF  line  ranged  be¬ 
tween  0.010  and  0.018  km"  1  (excepting  the  data  from  15  March),  which  is  about  60^  of 
the  range  of  values  measured  during  the  previous  summer.  The  relative  importance  of 
aerosol  scattering  and  molecular  absorption  is  seen  to  be  interchanged  when  comparing  the 
measurements  from  the  two  experiments. 

Since  only  a  single  C02  laser  transmission  measurement  was  possible  during  the  second 
experiment,  no  meaningful  conclusions  can  be  drawn  which  are  consistent  with  the  observa¬ 
tions  cited  above  regarding  transmission  at  DF  laser  wavelengths.  The  C02  laser  transmission 
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data  contained  in  the  report  of  the  earlier  experiment  (Ref.  1)  must  suffice  until  further 
measurements  can  be  accomplished  at  the  WSMR  site. 
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